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Abstract
Diabetes is a multisystemic disease that affects the whole human body, in partic-
ular, the musculoskeletal system. Muscles, tendons, ligaments and bone marrow
are its main victims, the foot being the most common target. Changes in its
anatomy can occur rapidly, and therefore an early diagnosis is imperative in order
to provide the appropriate medical care, thus avoiding amputation which is a high
factor of morbidity. In order to understand the biomechanical implications of the
disease, it is necessary to develop new and improved models that allow the study
of the foot during gait. The difficulties arising in foot modelling are inherent in
its complex composition, thus most models simplify the foot geometry, structure,
materials and kinetic analysis.
This thesis presents a new approach towards foot modelling, combining readily
available non-invasive methodologies to develop multi-segment foot models. This
research helps in the in-depth understanding of the effects of changes in structure
and shape of the foot brought about by diabetes and in the evaluation of the
effects of interventions and long-term rehabilitation.
Intermediate results are presented in order to establish the reliability of the pro-
posed methods, developing first a new method for simultaneous plantar pressure
and gait study. New approaches to muscle-tendon length and moment arm mea-
surement are tested and validated, following an analysis of different pennation
angle assumptions for force production assessment. Both extrinsic and intrinsic
muscles are included in the model using the Hill muscle model. Stiffness and
damping parameters are estimated on a per-subject basis. In order to model the
soft tissue, which is of particular interest in diabetic patients, a model consisting
of a system of parallel spring and damper, is proposed. Parameters are presented
for 15 subjects with the purpose of characterising the properties of the soft tissue
under the calcaneus (heel pad), metatarsal heads and hallux. A further analysis is
provided by simulating different diabetic foot injuries and comparing their effect
in joint range of movement and moment and soft tissue. Combined, these studies
produce a complete subject-specific musculoskeletal and soft tissue model that
enhances our understanding of both normal and altered gait.
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1Introduction
1.1 Motivation
In the field of biomechanics, there is a growing interest in motion analysis, kine-
matics and kinetics. In this context, the foot plays an important role, providing
support to the body and also distributing loads. Although many foot models
have been developed during recent years, most of them simplify the foot geome-
try, structure and material [Qiu et al., 2011]. Authors agree that an evaluation
of the approach to foot modelling is extremely difficult due to its complex na-
ture [Cheung and Nigg, 2008]. In fact, it is usually modelled as a single rigid
body, which is perhaps somewhat misleading for this type of research. Thanks
to evolutions in technology, the development of biomechanical models of body
motion - and specifically of the foot - has improved. A combination of different
techniques such as gait analysis, plantar pressure measurements and image pro-
cessing, together with biomechanical principles, can contribute to the development
of multi-segment models that can be validated using subject data. It is therefore
possible to gain insight into the forces applied to the musculoskeletal system in-
cluding the joints, and both movement and deformation of soft tissue. However,
there is yet no model that combines all the available methodologies to provide a
complete foot model.
A well validated foot model can also provide an insight on different alterations in
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the manner of walking (gait) produced by diverse injuries. In this context, diabetes
is a progressive disease which still represents a challenge for medical experts and
has a particularly harmful effect on the foot, ankle and soft tissue, producing
changes in its function and structure [Frykberg et al., 2006]. A clear understanding
of the changes brought about by the disease in the foot biomechanics is essential.
As seen in the reviewed articles (see, for example, Cavanagh and Ulbretch [2008]
and Ledoux [2007]), the injuries that occur to the feet of diabetic patients are
caused by neuropathy, namely ulcers caused during walking due to forces that
are generated because of movement. To the best of my knowledge, there are few
studies performed on the diabetic foot that analyse the foot during movement.
Biomechanics research in this field is a very important avenue for future research.
1.2 Aims and objectives
The aim of this work is to develop a musculoskeletal scaled model of the human
foot that can be validated using patient data: a general model to study the healthy
foot that can be adapted to characterise altered gait in diabetes. This can provide
an in-depth understanding of the effects of changes in the structure and shape
of the foot brought about by the disease. The ultimate goal of this research is
to contribute to a better mechanistic understanding aimed at improving quality
of life and allowing a cost-benefit assessment of the treatment alternatives that
diabetic patients have at different stages of the illness. It will also offer valuable
input to promote innovations in the orthopaedic industry, and to improve and
develop novel widely accepted and validated foot models.
1.3 Thesis outline
Throughout its chapters, this dissertation provides a comprehensive analysis of
foot biomechanics as follows:
 Chapter 2: This chapter provides a thorough literature review and nec-
essary background to understand foot biomechanics. This chapter presents
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not only anatomical basis but also foot models and available technological
methodologies and clinical data necessary to develop a multi-segment foot
model, including both empirical and theoretical approaches to the topic.
 Chapter 3: This chapter describes the methodologies used, in particular,
for the development of an innovative foot model combining motion capture,
electromyography, plantar pressure measurement and imaging techniques,
which are used in the following chapters.
 Chapter 4: This chapter provides intermediate results for this research. In
order to develop a multi-segment musculoskeletal foot model it was neces-
sary to assess reliability and repeatability of the proposed methods. First,
a new method for simultaneous plantar pressure and gait study with the
development of a specially design shoe that can reconcile barefoot and shod
conditions for plantar pressure measurement is described. An extensive anal-
ysis of the muscle-tendon unit parameters needed for model parameterisation
is undertaken, such as length, moment arm, pennation angle and muscle ac-
tivation, and how these can be obtained from the non-invasive techniques
used in this thesis. Length is analysed using a via-point model to represent
the muscle-tendon unit as an arrangement of straight lines connected by vir-
tual markers. In order to assess the reliability of the method, results from
motion capture and magnetic resonance imaging are compared for ten lower
limb muscles. The moment arm is calculated using the principle of virtual
work, which relates change in length with the change in angle of the joint
of interest, and validated against magnetic resonance imaging. An analysis
was also performed on pennation angle (angle between muscle fibres and
aponeurosis of the tendon) using ultrasound to obtain information on fibre
length and angle for six lower limb muscles which present the largest angles.
Results were then compared with different pennation angle scenarios. Mus-
cles were also studied from activation perspective, for experimental design
purposes.
 Chapter 5: The main objective of this chapter is to develop a mechani-
cal model that can describe both passive and active behaviour of skeletal
3
Chapter 1. Introduction
muscle. There are several models describing muscle function, of particular
interest is the Hill muscle model which is analysed from a numerical and
structural point of view in this chapter. The validated methodologies de-
signed in chapter 4 are used to obtain muscle tendon length and moment
arm. Thirteen muscles are analysed for the proposed multi-segment foot
model, and parameters for tendon and muscle damping and stiffness are
obtained for fifteen subjects through fitting techniques. These values are
validated towards measured moments.
 Chapter 6: This chapter refers to plantar soft tissue modelling. The plan-
tar soft tissue protects the structure of the foot, providing cushioning to the
underlying bones and shock attenuation [Cavanagh, 1999]. It is the only
interface of the body with the ground during any type of motion activity. In
this chapter, first a brief introduction on plantar soft tissue, its architecture
and different viscoelastic models is given. Models are fitted to subject data
and compared in order to find the model that can best describe soft tissue
behaviour. A new method is proposed to obtain loaded plantar tissue thick-
ness during gait, by assessing the displacement of markers placed at medial
and lateral side of calcaneus, metatarsals and hallux. Once plantar thickness
is obtained, it is possible to reconstruct the stress-strain curves. Parameters
for a non-Newtonian Kelvin-Voigt model are presented for fifteen subjects
with the purpose of characterising the properties of the soft tissue under the
calcaneus (heel pad), metatarsal heads and hallux (great toe).
 Chapter 7: In chapters 5 and 6 normal gait was described by parameterising
both muscle-tendon units and soft tissue. Knowledge of a normal gait is
necessary in order to understand a pathological one. In this study normal
gait is defined as the gait of a healthy subject and pathological the one
corresponding to a diabetic patient. According to many authors (Boffeli
et al. [2002], Edmonds and Watkins [1999] and Frykberg et al. [2006], for
example), diabetic patients have an altered gait in terms of kinetics and
kinematics thus affecting plantar pressure. In this chapter different types of
injuries are simulated and results are obtained in terms of ankle moments
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and joint angles, among others. Different scenarios are also presented for soft
tissue alteration, increasing peak pressure and decreasing tissue thickness.
 Chapter 8: This chapter compiles the conclusions inferred from the pre-
sented work, demonstrating how the proposed aims and objective were met.
It also provides avenues for future research.
All experimental analysis was carried out in the Gait Laboratory within the School
of Engineering at the University of Warwick and surroundings, complying with all
data protection requirements as stated in the University of Warwick BSREC eth-
ical approval (BSREC full approval REGO-2013-582 Foot Modelling) and written
informed consent was obtained for the participating subjects. The proposed meth-
ods in chapters 5, 6 and 7 are either newly developed or, for pre-existing methods,
they were tested and validated against other methodologies (i.e. MRI and ultra-
sound). For each of the experiments, a repeatability analysis was first assessed
to understand the sensitivity to consider and prove the reliability of the proposed
method.
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In the field of biomechanics, there is a growing interest in motor analysis, kine-
matics and kinetics. In order to predict how a subject can move under certain
circumstances, it is essential to start from the base, i.e. the foot which is the
main contact that humans have with the ground. Foot models have evolved with
technology breakthroughs, from one single rigid segment to multi-segment models.
This chapter reviews the literature on Foot Modelling, its anatomy and function,
the available technologies, methodologies and clinical data necessary to develop a
multi-segment foot model, including both empirical and theoretical approaches to
the topic.
2.1 Sources of References and Inclusion Criteria
New approaches in theoretical and experimental papers have been revised and
consulted. The electronic databases that were used are: ISI Web of Science, Sci-
enceDirect, BioMed Central, IEEE Xplore, Scopus and Elsevier, accessed through
the Library of the University of Warwick. According to the inclusion criteria, all
the papers considered were published between 1981- 2016. Most of them are case
studies and experimental papers that focus on foot modelling, gait analysis and
the diabetic foot.
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2.2 Gait
Gait is defined as the manner of walking [Whittle, 2007b], and its study allows
us to measure and analyse movement patterns, kinematics and kinetics, as well as
the forces that are produced by movements and reactions [Switaj and O’Connor,
2008].
Walking requires one foot to be always in contact with the ground. A gait cycle
(figure 2-1) is the period that occurs from the initial contact of the foot with the
ground (heel strike), to the next initial contact of the same foot [Richards, 2008].
When both feet are in contact with the ground there is “double support”, and
when only one foot is in contact with the floor, we have “single support” (and the
free leg is in “swing phase”). Therefore, the right and the left leg will alternately
be in the support and swing phase. The gait cycle can then be divided into two
phases: Stance phase (60% of the cycle, when the foot is in contact with the
ground) and Swing phase (40% of the cycle, when the foot is not in contact with
the ground).
Figure 2-1 Gait cycle events, adapted from Hrones and Nelson
[1983].
Different methodologies are used to study gait and will be described in section
2.5, as it is necessary to describe the foot structure first.
2.3 Foot Structure
As the main object of analysis of this research is the foot, a clear understanding
of its complexities and specificities is crucial.
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The foot is not only a structural support for the body, but it also has to cope
with different types of surfaces and speeds [Nordin and Frankel, 2001]. It has the
capability of acting both as a flexible or rigid structure, depending on the situation.
The foot is comprised of 26 bones, 33 joints, 19 muscles and 107 ligaments (see
figure 2-2); which represent 25% of the bones of the human body [France, 2009].
The foot can be divided into three parts [Whittle, 2007a]:
 Hindfoot: Composed of the talus and calcaneus bones.
 Midfoot: Composed of the cuboid, navicular and cuneiforms (lateral, inter-
mediate and medial) bones.
 Forefoot: Composed of the 5 metatarsals and 5 phalanges.
Figure 2-2 The foot, its bones and joints. Adapted from Whittle
[2007a].
2.3.1 Movements of the foot
In order to define foot movements, it is necessary to understand the planes over
which these movements occur [Jenkins, 2005]; these are described in figure 2-3 and
listed below.
(a) Sagittal plane: This divides the foot (between 2nd and 3rd metatarsals)
into medial and lateral regions. The movements that occur in this plane are
dorsiflexion (dorsum, or upper surface of the foot, moves towards the leg)
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and plantarflexion (dorsum of the foot moves away from the leg). See figure
2-3(a).
(b) Horizontal or transverse plane: This divides the foot into superior and in-
ferior regions. The movements that occur in this plane are abduction (the
foot and leg are rotated away from the mid-line of the body) and adduction
(the foot and leg are rotated towards the mid-line of the body). See figure
2-3(b).
(c) Frontal or coronal plane: This divides the foot in anterior and posterior
regions. The movements that occur in this plane are inversion (the plantar
surface of the foot rotates towards the mid-line of the body) and eversion
(the plantar surface of the foot rotates away from the mid-line of the body).
See figure 2-3(c).
Figure 2-3 Movements of the foot: (a) Dorsiflexion (top) and plan-
tarflexion (bottom). (b) Abduction (left) and Adduction (right). (c)
Inversion (left) and Eversion (right). (d) Pronation (left) and Supina-
tion (right). Adapted from Logan and Rowe [1995].
When describing gait, two other terms should be considered: Pronation and
Supination (see figure 2-3(d)). These include movements in all of the three planes.
Pronation consists of abduction, eversion and dorsiflexion; supination consists of
adduction, inversion and plantarflexion.
2.3.2 Arches
The foot hast two arches [Logan and Rowe, 1995]:
 Transverse arch: This is composed of the tarsal bones (cuneiforms and
cuboid) and the five metatarsal bases.
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 Longitudinal arch: This is divided into medial and lateral regions. The
medial longitudinal arch is composed of the inner part of the calcaneus, talus,
navicular, cuneiforms and the first three metatarsals; and is responsible for
moving the foot forwards during locomotion. The lateral longitudinal arch is
formed by the calcaneus, cuboid and fourth and fifth metatarsals; it provides
a proper weight distribution over the foot.
The arches do not only depend on the bones, but also on the support and stability
provided by the surrounding ligaments and muscles.
2.3.3 Muscles
There are two types of muscles that control the foot during any motor task: in-
trinsic and extrinsic muscles. The first type originates and inserts into the foot,
while the latter originates in the anterior, posterior and lateral part of the leg and
inserts into the foot. In total there are twelve extrinsic muscles and nineteen in-
trinsic muscles that control the foot. The extrinsic muscles can be anterior, lateral
or posterior according to their position. Intrinsic muscles can be dorsal (if they
are in the superior half of the foot) or plantar (when they are in the inferior part).
The latter are divided into four anatomic layers by depth, the first layer being the
most superficial one and the fourth layer being the deepest one.
According to Nordin and Frankel [2001], the extrinsic muscles are the strongest
and most important during motion analysis. These authors performed an elec-
tromyographic study of the musculature of the foot in order to identify the in-
tervention of the muscles during the gait cycle (see figure 2-4). These muscles
were reviewed [Snell, 2004; Nordin and Frankel, 2001] in order to understand their
origin, insertion, and function and are summarised in table 2-1.
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Muscle E/I Origin Insertion Function
TIBIALIS ANTERIOR E Proximal half of tibia
Medial cuneiform and 1st
metatarsal bone of foot
Brings leg towards the back of the foot while
weight bearing and flexes foot dorsally in
non-weight bearing
EXT. DIGITORUM LONGUS E Along fibula 2nd to 5th phalanges Dorsiflexes the digits
EXT. HALLUX LONGUS E Medially on fibula 1st phalanx
Dorsiflexes the big toe and acts on the ankle
in the unstressed leg
GASTROCNEMIUS E Knee Calcaneus Primary active muscle when standing still
TIBIALIS POSTERIOR E
Back to interosseus
membrane
Tarsus & navicular (4th layer)
Supports medial longitudinal arch, inverts
the foot and plantarflexes at the ankle
FLEX. DIGITORUM LONGUS E Shaft of tibia 2nd to 5th phalanges
Supports longitudinal arches, flexes the
lateral four toes and plantarflexes foot
FLEX. HALLUX LONGUS E Back of fibula
1st phalanx (2nd layer, plantar
surface of hallux)
Supports medial longitudinal arch,
plantarflexes the foot and flexes the great toe
PERONEUS LONGUS E Shaft of tibia
Between medial cuneiform and
1st metatarsal (4th layer)
Supports longitudinal and transverse arches,
everts the foot and plantarflexes at the ankle
PERONEUS BREVIS E Calcaneus Base of 5th metatarsal Assists plantarflexion and eversion of the foot
ABD. HALLUX I Calcaneus (medially) Base of 1st phalanx (1st layer)
Supports medial longitudinal arch and
abducts and flexes big toe
FLEX. HALLUX BREVIS I
Cuboid and lateral
cuneiforms
Phalanx of big toe (medially
and laterally) (3rd layer)
Supports medial longitudinal arch and flexes
metatarsophalangeal joint of big toe
FLEX. DIGITORUM BREVIS I Calcaneus (medially)
Medial phalanges (2nd–4th)
(1st layer)
Supports lateral longitudinal arch and flexes
lateral toes (2nd–4th)
ABD. DIGITI MINIMI I
Calcaneus (laterally
and medially)
5th phalanx (1st layer)
Supports lateral longitudinal arch and flexes
and abducts 5th toe
INTEROSSEI I Between metatarsals Phalanges (4th layer) Adduction of phalanges 3rd–5th
EXT. DIGITORUM BREVIS I Calcaneus 2nd, 3rd and 4th metatarsals Extends digits 2nd to 4th
Table 2-1 Extrinsic and intrinsic muscles involved in gait cycle, where FLEX. is Flexor, EXT. is Extensor and ABD. is Abductor.
Table summarised from Snell [2004] and Nordin and Frankel [2001].
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Figure 2-4 Electromyographic activity of foot muscles. Adapted
from Nordin and Frankel [2001].
The final aim of this group of muscles is to provide an efficient transfer of the forces
generated during any motor task to the ground and adequately shift the weight of
the body along the progression axis. A deeper knowledge of muscle architecture
is necessary for understanding human movement as it is the elementary basis for
muscle function and will be reviewed in the following section.
2.3.4 Joints
The joints allow the movement of two connecting bones. According to the struc-
ture, the foot contains two types of joints [Thordarson, 2004]:
 Fibrous: This type of joint connects the bones through fibrous connective
tissue.
 Synovial: This type of joint contains synovial fluid that allows smooth move-
ment of the connecting bones. This joint allows a large range of motion.
Synovial joints present in the foot are shown in figure 2-5:
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(a) Saddle: one concave bone and one convex bone, with angular movements
(see figure 2-5(a)).
(b) Clondyloid: oval shaped, allowing movement in two axes (see figure 2-5(b)).
(c) Hinge: one bone is slightly rounded and the other one slightly curved, one
moves and the other remains fixed (see figure 2-5(c)).
(d) Ball and Socket:one ball-like bone and one socket (see figure 2-5(d)).
(e) Plane: connecting bones are almost flat, allowing gliding (see figure 2-5(e)).
Figure 2-5 Types of joints: (a) Saddle. (b) Clondyloid. (c) Hinge.
(d) Ball and Socket. (e) Plane. Modified from Boundless Biology [BB,
2013].
Joints are grouped according to the division made at the beginning of this section:
hindfoot, midfoot and forefoot. Table 2-2 summarises the foot joints.
Joint Position Function Type
Taloclural (ankle) Hindfoot
Provides stability during
dorsiflexion and mobility
in plantarflexion
Synovial, Hinge
Subtalar
(Talocalcaneal) Hindfoot
Produces motion of
supination and pronation Synovial
Talocalcaneonavicular Midfoot Gliding and rotation Synovial, Ball & Socket
Cuneonavicular Midfoot Gliding and rotation Synovial, Plane
Cuboideonavicular Midfoot Gliding and rotation Fibrous
Intercuneiform Midfoot Gliding and rotation Synovial, Plane
Cuneocuboid Midfoot Gliding and rotation Synovial, Plane
Calcaneocuboid Midfoot Gliding with rotation Synovial, Saddle
Tarsometatarsal Forefoot Gliding (Lisfranc joint) Synovial, Plane
Intermetatarsal Forefoot Gliding Synovial, Plane
Metatarsophalangeal Forefoot
Flexion, extension,
abduction and adduction Synovial, Clondyloid
Interphalangeal Forefoot Flexion and extension Synovial, Hinge
Table 2-2 Foot joints
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2.3.5 Soft tissue
The aim of soft tissue is to protect the structure of the foot and provide cushioning.
The plantar fascia or plantar aponeurosis supports the foot arches and absorbs
shock during heel strike. It is a ligament-like tissue that goes from the calcaneus
to the base of the digits, that surrounds the muscles of the first layer in the
plantar surface of the foot [Bartold, 2004]. This tissue elongates during the gait
cycle [Voloshin and Kim, 1995].
The heel pad absorbs the shock in weight-bearing activities, attenuating the im-
pact when in contact with the ground and protecting the foot structure. It is
a specialised structure consisting of fat-filled columns, reinforced with transverse
fibres [Holst et al., 2013].
2.4 Muscle Architecture
Muscles produce both force and heat, and their production depends on many
properties, such as pennation angle, amount of fibres and cross-sectional area,
which will be explained in this section. In essence, muscles have the capacity of
producing mechanical work by moving the bones via the tendons [Zajac, 1989].
Due to their excitability, elasticity, contractability, plasticity and extensibility,
muscles are able to generate force and movement, but they need the nervous system
in order to function. Each muscle is capable of contracting and shortening, moving
bones to which they are connected via tendons (mainly made up of a fibrous and
elastic tissue). A muscle-tendon unit (MTU) is the ensemble of muscle and tendon.
Muscle origin is defined as the proximal attachment, and insertion is the distal
attachment. A second, and opposing, set of muscles is needed to return the limb
to its initial state. Antagonist is the muscle which opposes motion and agonist the
one that resists motion [Freivalds, 2004]. Therefore, movement is not produced by
one muscle, but as a collaboration among many muscles.
Muscles are made up of long cells that are bundles of fibres, arranged on the
axis of force generation [Zatsiorsky and Prilutsky, 2012]. As shown in figure 2-
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6(a), they are comprised of multiple layers of connective tissue, the endomysium
surrounds each of the muscle fibres, which are grouped by the perimysium, and
these are covered by the epimysium. Muscle fibres are supplied by blood vessels
and intramuscular nerves that transmit an activation signal.
As mentioned earlier in this section, motion tasks are neuro-musculoskeletal tasks.
In order for a muscle to work, it needs to be electrically activated by a motor
neuron axon. Figure 2-6(b) shows this process, which starts in the central nervous
system, the brain and the spinal cord. The latter, among many functions, includes
the motor neuron and connects to muscle fibres through nerves. Once it leaves
the spinal cord, this neuron and an axon (that goes through a peripheral nerve),
innervate the muscle’s fibres, thus creating a motor unit. The strength of the
muscle, is directly related to the number of fibres contracting in synchrony [Trigo
and Navarro, 2005].
Figure 2-6 Muscle architecture. Adapted from Trigo and Navarro
[2005].
Each muscle fibre is covered by a membrane called Sarcolema and contains an
arrangement of myofibrils, which are the contractile elements of the muscle (figure
2-7). The myofibrils are made of bundles of thin and thick myofilaments (actin and
myosin respectively). The most basic unit is the sacromere, which is the space
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in between two Z-discs. Sacromeres are connected in series, and contractions
occur when there is a gliding of actin and myosin. When the muscle is activated,
the sacromere shortens producing an overlap of the filaments, thus creating more
bonding points and therefore force.
Figure 2-7 Muscle fibre architecture. Adapted from Trigo and
Navarro [2005].
Muscles can be classified depending on the arrangement of their fibres as parallel-
fibred, when the fibres extend parallel to the tendon, or pennated, when fibres
are attached to the tendon at a certain angle. This means that for pennated
muscles the force produced by the muscle will be the force produced by the fibres
multiplied by the cosine of the pennation angle. This topic will be further covered
and analysed in section 4.4.4.
Muscles can contract in three different ways: isometric contraction (muscle ten-
sion changes, but muscle-tendon length remains the same), isotonic contraction
(muscle-tendon length changes, but muscle tension remains the same) or isokinetic
contraction (linear or angular velocity remains constant).
Due to their nature, muscles can produce two types of forces: active and passive.
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Active force occurs when the muscle is neurally activated as explained earlier,
while passive force is due to the connective tissues. Therefore, muscle force can
be expressed as:
FM(t) = FMa (t) + F
M
p (t) (2-1)
where FMa (t) is the active component and F
M
p (t) the passive component. There are
two relationships that characterise muscle function: Force/length and Force/ve-
locity.
2.4.1 Force/length relationship
Figure 2-8(a) depicts the process of force production through the overlapping of
filaments. The filaments in the sacromere are overlapped and therefore cannot
glide properly when the muscle length is short, producing low active tension. As
the muscle starts to lengthen, the overlap portion of the filaments decreases result-
ing in a higher amount of active tension. When muscle length is ideal (optimal
length or resting length), actin-myosin interaction is optimal and produces the
maximum possible active force. When the muscle is extended beyond this point,
the myofilaments start to separate, resulting in a reduction of the active force.
Figure 2-8(b) shows the tensile active and passive force produced by the muscle
fibres at different lengths and describes the dependence of muscle force as a func-
tion of muscle length when fibres are recruited simultaneously. Beyond the resting
or optimal length, the only type of force the muscle can produce is passive, which
will restore it back to its resting length. The passive forces are negligible when
muscle fibres are shorter than the optimal length (LM0 ) and rise exponentially. The
force-length relationship is expressed as a percentage of the optimal length (LM0 )
and the percentage of maximum isometric force (FM0 ). It is assumed that muscles
only produce force in the range of 0.5LM0 − 1.5LM0 [Buchanan et al., 2004].
2.4.2 Force/velocity relationship
This relationship describes the phenomenon that the (maximal) force that muscles
can deliver depends on the speed at which they contract. If the muscle shortens
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(concentric contraction), the maximal force decreases and if the muscle lengthens
(eccentric contraction) the maximal force increases (figure 2-8(c)).
Figure 2-8 Muscle Force/length and Force/velocity relationships:
(a) Actin-myosin bridges. (b) Muscle Force/length relationship. (c)
Muscle Force/velocity relationship. (d) Tendon Force/length relation-
ship. Adapted from Arnold and Delp [2011].
2.5 Methodologies
2.5.1 Gait Analysis
In this kind of analysis, many cameras are located in a way that at least three can
see the reflective markers that are attached to the body of the subject under study
[Kirtley, 2006]. The resulting 3D trajectories can be reconstructed from these
data points, thus tracking the movement of the body in motion. A technique
commonly used in gait laboratories is to separate the foot into three different
segments according to their function: hind, mid and forefoot [Wu et al., 2002].
A forceplate is commonly used for these kinds of experiments. According to New-
ton’s third law, “for every action there is an equal and opposite reaction”. Such a
platform yields the ground reaction force (GRF) which is the total force applied
by the foot to the ground during the gait cycle as a resultant force under the foot.
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Experiments related to this research project were carried out in the University of
Warwick’s Gait Laboratory, and will be described in chapter 3.
2.5.2 Plantar Pressure Measurement
The forceplate used in gait analysis can measure and record the ground reaction
force and centre of pressure, but it does not extrapolate the forces acting on
specific foot areas. Plantar pressure, on the other hand, provides the distribution
of that force over the foot. Given that the foot experiences loads of around 120% of
bodyweight during walking (and up to 275% during running) [Nordin and Frankel,
2001], plantar pressure is a crucial factor since when in excess it can damage
foot tissue. With this type of assessment, areas of high pressure and potential
ulceration can be found before any damage occurs, thus allowing early treatment
and preventing further damage.
There are different types of methods for measuring plantar pressure, designed
for different purposes, but which can be divided into pressure-sensitive mats and
in-shoe pressure systems. These all have the same working principle, an array
of sensing elements in the shape of a matrix, which can be either capacitive or
resistive. In the first case, it consists of two electrically charged plates, which
approach as a result of pressure and this action is translated as a variation of its
capacitance in order to calculate the pressure applied. In the case of a resistive
sensor, these measure the resistance of conductive foam between two electrodes
when pressure is applied, resulting in an increase in current [Razak et al., 2012].
Unlike a forceplate, they can only measure the vertical component of the ground
reaction force with the advantage of measuring the distribution of the foot contact
area [Richards, 2008]. For this research, a Tekscan in-shoe system is used as will
be described in chapter 3.
2.5.3 Electromyography
Electromyography (EMG) is the study of the electrical potentials (called motor
unit action potentials, MUAPs) generated by the muscle during contraction in
19
Chapter 2. Background
any motor task, and these recordings can provide an insight into muscle activa-
tion. This contraction generates an electric field that can be detected using EMG
electrodes, which can be surface or indwelling [De Luca, 1997]. Many factors can
introduce noise, such as cross-talk from other muscles or the state of the surface
where the electrodes are placed. In principle, the EMG signal will increase with
the amount of muscle fibres recruited (stronger muscle contraction) [Heintz, 2006].
The raw data obtained in these types of studies has to be filtered, smoothed and
processed in order to produce valuable data. Signal processing will be further
explained in chapter 4 when analysing EMG data for lower limb muscles during
stance and swing phase.
2.5.4 Imaging
In the assessment and diagnosis process of foot disorders, the feet should be exam-
ined both in weight bearing and non-weight bearing positions, as well as during
the gait cycle of the patient [Balint et al., 2003].
Physical examination, including palpation, sensation assessments, measurements
of strength and motion and history check, and the appropriate imaging set, can
give certain diagnosis [Rao et al., 2007]. Imaging of the foot is in continuous
development and the chosen modality depends on the accuracy, cost, invasiveness
and clinical indication [Ritchie, 1997].
Despite the continuous development of new technologies in foot imaging, the pri-
mary and most common imaging technique is plain radiography [Broder, 2010].
This technique gives a good overview of the region of interest and is useful for
detecting fractures, erosions, deformities and dislocations. However, its main dis-
advantage is the possibility of misinterpretation of shadows that are anatomically
normal [Christman, 2003]. Computerised tomography (CT) has proven to be good
for complex fracture analysis, but it is not convenient for musculoskeletal abnor-
malities [Broder, 2010]. Ultrasound is the best tool for assessing tendinopathies
and masses in the soft tissue and does not expose the patient to ionising radiation
[Rankine, 2009]. Due to this advantage, it is sometimes used in the same physical
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examination. Magnetic Resonance Imaging (MRI) provides anatomical details of
the bone and the adjacent soft tissue without exposing the patient to ionising
radiation [Palestro et al., 2006].
All of the imaging techniques mentioned above can provide information about the
internal foot structure.
2.6 Foot Modelling
The difficulties arising in foot modelling are inherent in the complex composition
of the foot. In fact, it is usually modelled as a single rigid body, which is perhaps
somewhat misleading for this type of research. There are three main reasons that
make foot modelling so challenging [Kirtley, 2006]:
1. The foot contains too many bones (26), which make it difficult to place all
the necessary markers required for gait analysis.
2. Markers cannot reflect the bone and tissue movement completely.
3. The joints of the foot are complex.
Although many foot models have been developed during recent years, most of them
simplify the foot geometry, structure and material [Qiu et al., 2011]. Authors agree
that an evaluation of the approach to foot modelling is extremely difficult due to
its nature [Cheung and Nigg, 2008].
In 3D foot modelling some problems appear, as they depend on the hard and soft
tissue involved, with musculoskeletal forces transferred between them. Kinetic
analysis has been restricted to models that describe the foot as one rigid segment,
but this could be improved with a multi-segment approach [Dixon et al., 2012].
3D Foot Modelling that has been performed has tried to overcome the constraints
of earlier 2D modelling. One of the first theoretical models was a 2D finite element
model, which idealised the planar section of the foot [Nakamura et al., 1981]. Its
purpose was to predict the stress in soft tissues. The foot was represented only
by a single elastic body. One year later a 3D model was developed on the basis of
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a matrix structural analysis [Simkin, 1982]. This model was innovative, but could
not be validated due to some geometrical misrepresentations. Patil et al. [1996]
again used 2D finite element analysis, which proved to be useful in predicting
stress distribution, but failed in the geometry as it was reconstructed with X-ray
images. Therefore, this kind of modelling was not adequate enough to study foot
kinematics in both clinical and biomechanical research.
Following this, many other authors developed multi-segment models [Carson et al.
[2001], Cornwall and McPoil [1999], Kidder et al. [1996], Leardini et al. [1999],
MacWilliams and Nicholson [2003], Nawoczenski et al. [1998], Stebbins et al.
[2006]]. Different approaches have been presented regarding foot segmentation.
Gilchrist and Winter [1996] introduced a two-part model of the foot which con-
sists of nine spring- damper systems, dividing the foot into two segments, with one
joint representing all the metatarsophalangeal joints together. Morlock and Nigg
[1991] developed a six-segment model in order to estimate the joint kinematics and
kinetics during stance phase of the gait cycle. Scott and Winter [1993] developed
an eight-segment model, dividing the tissue under the foot into seven independent
sites and modelled as non-linear spring-damper systems. Hunt et al. [2001] de-
signed a foot model consisting of three segments (Tibia, Hindfoot and Forefoot),
which was completed some years later by Wang et al. [2010] adding the Hallux as
a vector. Leardini et al. [1999, 2007b] divided the foot into four segments: Tibia,
Calcaneus, Midfoot and Metatarsal. In his work, not only did the authors study
the motion within the foot, but they also associated foot motion with movement
of the leg.
Deschamps et al. [2011] made evident that there was a problem regarding reliabil-
ity. Their conclusion was that further research was needed in order to validate the
models. According to their review, fifteen different models have been derived to
represent the foot and the leg, which use four to nine rigid segments. Many marker
sets and models are available for foot modelling, though there is currently no gold
standard [Bishop et al., 2012]. A summary of the available models is presented on
figure 2-9.
According to Kirtley [2006], the most widely accepted foot models for gait anal-
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ysis are the Helen Hayes and the Cleveland Clinic models. In contrast, Bishop
et al. [2012] conclude that the two foot models that are reliable and have literature
support are the Milwaukee foot model and the Oxford foot model. The latter was
developed by the Nuffield Orthopaedic Centre (NOC) at Oxford University (UK)
and implemented by Vicon. This last model underlines the importance of the mid-
foot as the mechanism involved for motion transmission between the Hindfoot and
the Forefoot and is employed throughout this research for gait analysis purposes.
Figure 2-9 Summary of the available foot models
2.7 Diabetic Foot
Diabetes is a continuous challenge for all kinds of medical experts as it is a very
complex disease. According to the World Health Organization, the current world-
wide population with diabetes (both type 1 and 2) is estimated at 442 million
worldwide and is projected to be the 7th most prevalent cause of death by 2030
[WHO, 1998].
Diabetes affects the whole human body, but it particularly affects the muscu-
loskeletal system. Muscles, tendons, ligaments and bone marrow are the most
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affected parts. The foot is the most common target and as the changes in its
anatomy can occur rapidly, an early diagnosis is imperative in order to provide
appropriate medical care, thus avoiding amputation which is a high factor of mor-
bidity [Frykberg et al., 2006]. According to the World Health Organization, “The
foot of a diabetic patient has the potential risk of pathologic consequences, in-
cluding infection, ulceration, and/or destruction of deep tissues associated with
neurologic abnormalities, various degrees of peripheral vascular disease, and/or
metabolic complication of diabetes in the lower limb” [WHO, 1998].
Most of the injuries diabetic patients suffer in their feet are the result of a mechan-
ical trauma that cannot be perceived due to neuropathy [Cavanagh, 1999]. These
injuries occur equally in the forefoot, dorsal and plantar surfaces [Cavanagh et al.,
2005]. Neuropathy reduces and can even inhibit the sensation of protection, caus-
ing changes in the foot structure and its functions [Sawacha et al., 2012]. Given
these conditions, there is predisposition to high foot plantar pressure which is a
key factor in the development of diabetic foot ulceration [Giacomozzi and Martelli,
2006]. Such pressure can damage the diabetic foot in different ways depending
on its frequency. It can cause direct trauma if there is only one episode of high
trauma; but it can cause inflammation, callus formation and more tissue damage
if it is intermittent, and causes ischaemic damage if the pressure is continuous
[Foster, 2006]. Skin ulcerations are most likely to appear at the points of high
pressure [Tan and Teh, 2007]. Moreover, previous studies [Edmonds and Watkins,
1999; Eils et al., 2004] showed diabetes can modify the mechanical properties of
the plantar soft tissue, making it stiffer, harder and thinner; it can also absorb
more energy and recover more slowly than healthy tissue [Gooding et al., 1986].
Plantar Fascia is also affected by diabetes, making it thicker and resulting in a
“stiffer” foot as a consequence of the onset of the windlass mechanism thus making
the foot act as a rigid segment [Marks et al., 2007]. Therefore, it is essential to
study the properties of the plantar soft tissue in order to understand the ulcer
formation mechanisms and their treatment [Pai and Ledoux, 2010].
In the Ledoux [2007] review of the biomechanical changes in the diabetic foot,
it was stated that data proved the gait pattern of diabetic patients who suffer
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neuropathy was modified to be more cautious, less efficient and variable. Diabetic
patients also showed altered lower limb joint mechanics, with limited mobility at
the ankle, subtalar and first metatarsal joints. Consequently, biomechanics are
of high importance in neuropathic injuries [Simon, 2004]. In many cases, the
consequences can be prevented if the disease is identified at an early stage and
patients are given appropriate information and education on how to avoid injuring
their feet [De Berardis et al., 2005].
Of major interest are the three injuries with the highest incidence (see figure 2-10):
Lisfranc joint injuries, Charcot Foot and Hallux Limitus.
Figure 2-10 Diabetic injuries incidence. Modified from Frykberg
et al. [2006].
Figure 2-11 depicts the aforementioned injuries: (a) Hallux Limitus, (b) Lisfranc
joint injuries and (c) Charcot Foot.
Figure 2-11 Diabetic injuries: (a) Normal foot (left) and Hallux
Limitus (right). (b) Lisfranc joint injuries (divergent, isolated and
homolateral). (c) Normal foot(left) and Charcot foot (right). Modified
from American College of Foot and Ankle Surgeons [ACFAS, 2009].
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2.7.1 Hallux Limitus
First metatarsal head or great toe ulceration is one of the most common injuries
in the diabetic foot [Boffeli et al., 2002]. The Hallux Limitus (figure 2-11(a))
progressively degenerates the metatarsophalangeal joint of the hallux (great toe)
causing pain, joint swelling and decreasing its mobility [Marquez and Oliva, 2010].
It is a consequence of a soft tissue imbalance that modifies the biomechanics of
the joint [Flavin et al., 2008]. Although the diagnosis is primarily clinical, an MRI
is useful to see how the joint is compromised and decide upon the appropriate
treatment.
2.7.2 Lisfranc joint injuries
A joint appears when one bone is in contact with another bone. The Lisfranc
(or tarsometatarsal) joint is the articulation between the metatarsals, the three
cuneiforms and cuboid and contributes to the midfoot flexibility [Hockenbury,
2006]. The first symptoms are joint swelling and ligamentous laxity [Barlas et al.,
2009]. Most of this type of injury are due to an excesive rotation and pronation of
the foot. It is classified as divergent (metatarsals displayed in different directions),
isolated (one or more metatarsals are separated from the joint) and homolateral
(when the metatarsals are displaced in the same direction). See figure 2-11(b) for
the injury illustration.
2.7.3 Charcot Foot
Charcot foot (figure 2-11(c)) is a process of joint deterioration which is chronic
and almost painless. Its development is due to the loss of protective sensation
and continuous (or cascade of) mechanical or minor trauma. Neural function is
diminished causing an abnormality in the joint and underlying bone [Mayer and
Kabbani, 2003]. As a result of this process, the midfoot is highly affected and
patients increase their predisposition of plantar ulceration [Hockenbury, 2006], as
well as foot deformity and can lead to amputation [Sanders and Frykberg, 2008].
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Its first symptoms are swelling of the foot and a warm sensation. It affects both
bones and tissues [Barlas et al., 2009]. Due to its symptoms, it is often confused
with osteomyelitis, which is a bone infection [Tan and Teh, 2007]. According
to many authors [Frykberg et al., 2006; Roug and Pierre-Jerome, 2012], MRI is a
helpful tool for the diagnosis of Charcot foot, but they all agree that the distinction
between these two pathologies is very difficult. The difference in the MRI is based
mainly on the distribution of the disease [Roach, 2011].
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Thanks to evolutions in technology, the development of biomechanical models
of body motion - and specifically of the foot - have improved. A combination
of different techniques such as gait analysis, plantar pressure measurements and
image processing, together with biomechanical principles, can contribute to the
development of multi-segment models that can be validated using subject data. It
is therefore possible to gain insight into the forces applied to the musculoskeletal
system including the joints. Throughout this chapter, the methodologies applied
to study foot biomechanics are explained.
3.1 Motion Capture
Experimental analysis was carried out in the Gait Laboratory within the School
of Engineering at the University of Warwick (figure 3-1(b)) and surroundings,
complying with all data protection requirements as stated in the University of
Warwick’s BSREC ethical1 approval process.
1BSREC full approval REGO-2013-582 Foot Modelling. See appendix A for more information.
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3.1.1 Capture room
The laboratory’s Vicon MX motion capture system consists of a cluster of 12
IR cameras (MX-T20 NIR series 8.5mm & 12.5mm lens, figure 3-1(c)), that are
able to capture the movement of reflective markers attached to a subject (figure
3-1(a)). These cameras have four infra-red LED concentric rings that flash at
200 times a second (200Hz), allowing for all types of movements to be recorded,
with a resolution of 0.02mm (see appendix B for further information on resolution
analysis). As shown in figure 3-1(b), these cameras are attached to a metal frame,
aimed at the centre of the capture volume. If a marker is captured by three or
more cameras, then the position in 3D space can be identified, and therefore the
trajectory of the marker can be tracked. These markers can either be attached to
a velcro suit or directly onto the skin by means of double sided tape (approved to
be used in healthcare and medical devices) as seen in figure 3-1(a). The markers
are spheres covered by reflective tape that are screwed onto a plastic base that
permits attachment to any surface (either skin, velcro suit or any object). They
come in different sizes, according to different marker placement requirements; in
this thesis 9.5mm and 14mm diameter markers were used. There are also two
digital video cameras (DV cameras) which can record the trial, being triggered at
the same time as the rest of the components of the Gait Laboratory.
The laboratory also has a forceplate (AMTI, model OR6-7) in the centre of the
capture volume, which permits calculation of the total force applied by the foot
of a subject to the ground (figure 3-1(e)). The forceplate operates at 1000Hz and
is made up of four sensing elements (strain gauge bridges), which outputs are Fx,
Fy, Fz, Mx, My and Mz (forces F and moments M , in the forceplate’s axis system,
respectively) [AMTI, 2001].
The global coordinate system used in the gait laboratory is represented on figure
3-2, where the vertical direction is denoted by “Z”, the direction of progression is
“X” and the transverse direction “Y”.
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Figure 3-1 Gait Laboratory within the School of Engineering at the
University of Warwick - Capture room: (a) Oxford Foot Model marker
placement. (b) Gait Laboratory. (c) Vicon Camera. (d) DV Camera.
(e) Forceplate.
Figure 3-2 Global coordinate system used in Gait Laboratory,
where “Z” is vertical direction, “Y” transverse direction and “X” is
direction of progression.
3.1.2 Control room
The MX cameras are connected through gigabit ethernet to two Vicon control
boxes placed in the control room (figure 3-3), which are linked to a PC containing
Vicon related software. The forceplate is connected through an amplifier and a
digital converter (as the output of the forceplate is an analogue signal) to the
Vicon control box.
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Figure 3-3 Gait Laboratory within the School of Engineering at
the University of Warwick - Control room: (a) Control room. (b)
EMG main unit box. (c) Forceplate amplifier. (d) Vicon Giganet box
(control box)
3.1.3 Data Collection
After masking any reflections present in the laboratory and calibrating the equip-
ment (figure 3-4), a subject’s calibration can begin.
Figure 3-4 Gait Laboratory system calibration.
System calibration consists of three steps: (a) Create MX camera masks,
consists of checking for (and blocking) any extra reflections that might be
present in the room and cause problem as the system might see them as
markers. (b) Calibrate cameras, when the cameras will collect data as a
person moves an L shaped wand in the capture room; this step is to prove all
the cameras are aimed such that at least three of them can see every marker.
(c) Set the volume origin, which means defining the origin of the volume
capture.
The system requires specific information about the subject in order to scale the
model for the participant and reconstruct foot motion. The physical parameters
that are needed are: body mass, height, leg length, knee width and ankle width
(the last three, for both legs). Following input of these parameters, a total of 43
markers are placed by palpation on each of the subject’s lower limbs in line with
the Oxford Foot Model guidelines.
The Oxford Foot Model works in tandem with the Plug-in-Gait model to provide
31
Chapter 3. Methodology
a complete lower limb analysis [Vicon, 2012]. Figure 3-5 depicts the markers’
position for the Oxford Foot Model and table 3-1 lists the anatomic position
of each marker for Plug-in-Gait (red) and Oxford Foot Model (red, black and
blue). The Plug-in-Gait model uses sixteen markers to define seven segments:
pelvis, femur, tibia and foot (the last three for right and left leg). The Oxford
Foot Model adds 27 markers in order to provide a detailed analysis of the foot
kinematics. Therefore, each foot is instead defined by three segments [Vicon,
2012]:
1. Hindfoot: Defined by markers placed on the posterior end of calcaneus,
lateral calcaneus, Sustanticulum Tali, and heel.
2. Midfoot: Defined by markers placed on the distal lateral side of of 5th
metatarsal, proximal dorsal side of 1st metatarsal, proximal lateral side of
5th metatarsal and over the second metatarsal head.
3. Hallux: Defined by markers placed on the proximal end of the 1st distal
phalanx and the distal medial side of 1st metatarsal.
Figure 3-5 Oxford Foot Model and Plug-in-Gait marker placement.
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Marker Name Position
LASI/RASI Anterior Superior Iliac Spine
LPSI/RPSI Posterior Superior Iliac Spine
SACR Sacral marker (midway between LPSI and RPSI)
LTHI/RTHI Over the lower lateral 1/3 surface of the thigh, just below the swing of the hand, although the height is not critical
LKNE/RKNE Lateral epicondyle of the left knee
LTIB/RTIB Over the lower 1/3 of the shank to determine the alignment of the ankle flexion axis
LHFB/RHFB Lateral head of fibula
LTUB/RTUB Tibial Tuberosity
LSHN/RSHN Anterioraspect of the shin
LANK/RANK Lateral malleolus along an imaginary line that passes through the transmalleolar axis
LMMA/RMMA Medial Malleoli
LCPG/RCPG Posterior end of the calcaneus
LHEE/RHEE On the calcaneous at the same height above the plantar surface of the foot as the toe marker
LPCA/RPCA Posterior calcaneus proximal
LLCA/RLCA Lateral calcaneus
LSTL/RSTL Sustaniculum Tali
LP1M/RP1M 1st metatarsal, proximal dorsal
LD1M/RD1M 1st metatarsal, distal medial
LP5M/RP5M 5th metatarsal, proximal lateral
LD5M/RD5M 5th metatarsal, distal lateral
LTOE/RTOE Over the second metatarsal head, on the mid-foot side of the equinus break between fore-foot and mid-foot
LHLX/RHLX Hallux, proximal end of 1st Distal phalanx
Table 3-1 Oxford Foot Model and Plug-in-Gait marker placement. Markers corresponding to Plug-in-Gait are identified in red.
Markers in black and blue, combined with the red ones, define the Oxford Foot Model. Markers denoted in blue are used only
for static trial when using Oxford Foot Model and subsequently removed for dynamic trials. Prefix L indicates Left side and R
indicates Right side. Table summarised from Vicon [2012] and Vicon [2010].
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The markers are placed on anatomically relevant positions in order to model dif-
ferent joints and segments; usually aligned with the modelled segment and aligned
to the axes of rotation in case of a joint. The markers are located in specific areas
where there is minimal soft tissue between bone, joint and skin, and they are la-
belled with names referring to their position. These markers have to be carefully
positioned in order to be able to replicate the same experiment in all subjects
allowing a meaningful comparison between them. Once this task is completed,
motion analysis trials can begin. The first step is to perform a static trial, used to
scale the model for the participating subject. The participant has to stand on the
forceplate and remain still for a few seconds (figure 3-6(a)). The rest of the trials
that are carried out are dynamic (figure 3-6(b)), such as walking in different pace,
stretching and other types of exercises which will be explained in chapter 4.
Figure 3-6 Gait analysis - static and dynamic trials: (a) Marker
placement and Vicon Nexus reconstruction for static trial and (b)
Marker placement and Vicon Nexus reconstruction for dynamic trial.
As it can be seen in figure 3-6, local coordinate systems are placed throughout
the lower limb [Vicon, 2010]. The model outputs provided by Vicon Nexus and
Polygon are defined in these local coordinate systems, Table 3-2 displays Plug-in-
Gait and Oxford Foot Model output specification for the ankle joint.
Ankle axis Force Component Model Component
X Compression/Tension Dorsi/Plantarflexion
Y Medial/Lateral Abduction/Adduction
Z Anterior/Posterior Rotation
Table 3-2 Plug-in-Gait and Oxford Foot Model output specification
for the ankle joint
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3.1.4 Data Processing
All the acquired information was processed by the Vicon Nexus 1.8.5 software in
order to gain deeper knowledge about joint angles, torques, powers and moments.
This software has a filtering function embedded and provides different pipelines
for exporting the data. The output from the trials were filtered and exported on
an ASCII file for further analyses using Matlab 2015b. Data were normalised to a
complete gait cycle in all of the cases in order to allow comparison among trials.
3.2 Electromyography
A Aurion Zero-wire electromyography system is also available in the Gait Labo-
ratory (figure 3-7). It is a 16 channel surface electromyography (SEMG) wireless
system that uses electrodes placed on the skin above the studied muscle in order
to analyse its activation pattern. Each of the probes operates at 1000Hz and con-
nects wirelessly to the main unit, that sends the acquired data to a Vicon Giganet
box. As the probes are very small, light (10g) and wireless, the subject under
study can move freely, allowing a better understanding of natural gait.
In this thesis, EMG recordings of the lower limb muscles are used to analyse muscle
activation during different activities (walking, passive stretching and maximum
voluntary contractions). As explained in the previous chapter, the data obtained
from these types of studies need to be processed in order to produce meaningful
data. This process is depicted in figure 3-8.
As described in Winter [2005], the first step in the process is to high-pass filter
the raw EMG. Then the signal is rectified using a full-wave rectifier, which will
provide absolute values. The last process consists of creating a linear envelope, by
filtering the rectified signal with a low pass filter. A 4th order zero-lag butterworth
filter with a cut off frequency of 4Hz is used for this purpose. The Matlab code
used for analysing these signals can be found in appendix C.
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Figure 3-7 Aurion Zero-wire electromyography system: (a) EMG
probes. (b) EMG probes connected to surface electrodes and mounted
on the skin surface on the lower limb muscles of the lateral compart-
ment.
Figure 3-8 EMG processing (Tibialis anterior): The image depicts
the raw signal, the high-pass filtered signal and the full-wave rectified
and finally the envelope (low pass filtered at 4Hz).
3.3 Plantar Pressure
Interest is focused in measurement of the force distribution under the subject’s
foot, mapped plantar pressure to show distribution of ground reaction force. A
Tekscan F-Scan plantar pressure system was used with in-shoe 3000E sensors
(insoles), see figure 3-9. These insoles are made of a thin film with pressure/force
sensors that can detect, display and record real time in-shoe pressure information
in 2D and 3D.
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In order to perform the experiments, insoles were first trimmed to standard shoe
sizes and placed in the shoes (figure 3-9(b)). The cuffs connected to the thin
sensors are responsible for gathering and processing the data that are sent to
the datalogger via an ethernet cable (figure 3-9(c)). This information is then
sent wirelessly to the computer (figure 3-9(d)). The system only needs a step
calibration in which the subject is asked to stand on the right foot first and then
the left one, and viceversa. The only necessary parameter is the subject’s body
mass. Collected data are then exported to an CSV file and analysed using Matlab
2015b.
Figure 3-9 Tekscan pressure system setting: (a) Tekscan setting.
(b) Insole trimming and placement inside footwear. (c) Datalogger.
(d) F-scan software.
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4Intermediate Results
Intermediate results are presented and compared to establish the reliability of the
proposed methods. This chapter describes this exploratory analysis, proposing
first a new method for simultaneous plantar pressure and gait study. It also ex-
plores foot anthropometry and validates new approaches to muscle-tendon length
and moment arm measurement, following an analysis of different pennation angle
assumptions. Finally, muscle activation is examined.
4.1 Introduction
When embarking in the study of the altered gait, I first noticed that there are still
important gaps in the literature of foot modelling in general (for normal/healthy
gait). This is the case both for theoretical and empirical literature of the field.
In my understanding, even though there is a plethora of foot models, frontier
research does not profit from the recent technological developments that would
allow for the analysis and development of more complex foot models. If a foot
model combines the available technological tools with biomechanical principles, it
can provide insights on the healthy gait and the pathological gait. However, com-
bining different methodologies is not an easy task. The first problem encountered,
was that they do not permit simultaneous experimentation: while gait analysis re-
quires barefoot experimentation, plantar pressure assessment requires subjects to
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be shod. Therefore this chapter provides intermediate results to show the validity
of alternative methods to examine gait and plantar pressure simultaneously.
The chapter is structured as follows: In the first section (section 4.2), a method is
proposed to reconcile barefoot and shod conditions, necessary for gait and plantar
pressure analysis respectively.
The second section of this chapter (section 4.3) provides an insight into foot an-
thropometry, as it is the object of study of this thesis. An analysis is performed
over foot segments, arch height, ground reaction force distribution and mass.
After a clear understanding of the available methodologies and how to make them
work in tandem, and of the foot structure, it was necessary to analyse muscle-
tendon architecture. The main objective of the studies presented in the third
section (section 4.4) was twofold:
1. Understand which parameters should be included in the model
2. Develop new techniques to examine the selected parameters or, for pre-
existing methods, validate them against other methodologies (i.e. MRI and
Ultrasound)
Four main characteristics of the muscle-tendon unit had to be analysed prior to
any model application: length (subsection 4.4.2), moment arm (subsection 4.4.3),
pennation angle (subsection 4.4.4) and muscle activation (subsection 4.4.5). An
analysis of these four topics is performed, comparing and validating different types
of non-invasive methodologies.
4.2 How to reconcile Barefoot and Shod condi-
tions for Plantar Pressure Analysis in the
Oxford Foot Model
The two main techniques commonly used to study the lower limb in biomechanics
are gait analysis and plantar pressure measurements. However, these techniques
require different settings: one requires barefoot experimentation and the other
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one requires the subject to be shod. A new experimental technique was developed
in this study [Jaitman et al., 2015] that can mimic the placement of markers
when analysing and comparing barefoot and shod analysis on the same subject.
This design allows the analysis of both approaches simultaneously and therefore
provides valuable inputs to support a well validated model of the foot.
This study reports results on the reliability of the Oxford Foot Model under bare-
foot and shod conditions, as well as repeatability intra-person and inter-session.
The method proposed introduces the use of specially designed shoes to enable
simultaneous gait and plantar pressure analysis.
4.2.1 Methods
The difficulties arising in foot modelling are inherent in the complex composition
of the foot. Most foot models developed during recent years simplify the foot ge-
ometry, structure and materials [Qiu et al., 2011]. Two well validated techniques
for analysing foot biomechanics are gait analysis and plantar pressure measure-
ment. Many previous experiments linked to foot modelling could not be truly
validated due to their lack of precision in terms of marker placement during gait
analysis and their inability to replicate the experiment under the exact same con-
ditions [Deschamps et al., 2011; Bishop et al., 2012]. All of the studies referred
to the motion within the foot and its kinematics, but none of them are conclusive
regarding the dynamics. These problems are mainly due to the fact that not all
of the available methodologies can be used simultaneously. Given that the two
studied methodologies require different conditions, it is fundamental to find a way
to perform both experiments at the same time in order to obtain accurate and
reliable outputs.
The analysis was performed over two gait cycle events: Heel Strike and Toe Off
(the first and fifth events in figure 4-1). The evaluated angles were:
 FF/HFA: Forefoot with respect to hindfoot.
 FF/TBA: Forefoot with respect to tibia.
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 HX/FF: Hallux with respect to forefoot.
Figure 4-1 Complete Gait Cycle analysed simultaneously with Mo-
tion Capture System (Vicon Nexus) and Plantar Pressure Insoles
(Tekscan)
Table 4-1 describes each angle in terms of planes, motion and axis using the local
coordinate systems.
Angle Plane Motion Axis
FF/HF
Sagittal Dorsiflexion Forefoot Y
Frontal Adduction Forefoot X’
Transverse Supination Forefoot Z”
FF/TB
Sagittal Dorsiflexion Forefoot Y
Frontal Adduction Forefoot X’
Transverse Supination Forefoot Z”
HF/FF
Sagittal Dorsiflexion Forefoot X
Frontal Adduction Forefoot Y’
Transverse Supination Forefoot Z”
Table 4-1 Motion description for the studied inter-segmental angles.
Note: According to Vicon [2012], due to the fact that Euler angles are
calculated, each rotation causes the axis for the subsequent rotation
to be shifted. This means that X’ shifted by one previous rotation and
Z” shifted by two previous rotations.
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4.2.1.1 Subjects
The total number of subjects participating was 15, as this number should yield sta-
tistically significant results [Gage, 1997], lying within the upper bound of previous
studies which typically included 7-15 participants. The age of the participants was
between 22 and 34. The only eligibility requirement for the participants was that
they did not have any foot or leg injury and were capable of walking around the
Gait Laboratory for up to 15 minutes unaided. Males and females were asked to
participate, though no analysis was performed by gender due to the small sample
size.
4.2.1.2 Repeatability Analysis
A repeatability analysis was first performed in order to understand which sensitiv-
ities to consider for the rest of the experiments. The same subject was markered
across four successive days and performed a dynamic trial on each day. Results of
the assessments were compared to observe the median and the median absolute
deviation (MAD) for the intersegmental angles (see figure 4-2).
The median for each angle was calculated considering 10 trials for each subject
and table 4-2 shows these values.
Figure 4-2 Repeatability analysis for Oxford Foot Model. Each of
the bars represents the angle median for each testing session (10 trails)
over a four-day period. The analysis is performed over heel strike (left)
and toe off (right) events. Numeric results are presented on table 4-2.
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Heel Strike Median
RFF/HFA RFF/TBA RHX/FFA
X Y Z X Y Z X Y Z
-2.6° -1.4° 6.15° -1.8° -17.7° 6.05° 1.7° -15.4° -0.3°
Toe Off Median
RFF/HFA RFF/TBA RHX/FFA
X Y Z X Y Z X Y Z
-9.55° 1.25° 6.25° -14.45° -14.05° 13.8° 10.75° -18.95° -1.7°
Table 4-2 Median (in degrees) for angles studied in gait cycle events
for Oxford Foot Model repeatability
The difference in terms of the joint angles over the four days was found to lie
within: 2.6° for FF/HFA, 2.2° for FF/TBA and 4.5° for HX/FF (see table 4-
3). These results match previous studies, where repeatability was assessed for
successive measurements for one subject [Carson et al., 2001]. In their study, the
deviation was slightly higher: 4.3° for FF/HFA, 3.0° for FF/TBA and 6.5° for
HX/FF.
Heel Strike
RFFHFA RFFTBA RHXFFA
X Y Z X Y Z X Y Z
Day I -3.6° -4.6° 12.1° -3.1° -14.3° 8.2° 2.4° -16.1° 0.6°
Day II -1.8° 1.0° 8.5° -0.6° -20.5° 3.9° 6.0° -16.7° -1.3°
Day III -2.9° -0.3° 5.1° -0.4° -16.8° 5.7° 2.5° -12.7° -3.0°
Day IV -3.1° -2.4° 5.7° -3.0° -18.6° 6.2° 1.0° -14.8° -0.2°
MAD 0.7° 1.9° 2.5° 1.3° 2.0° 1.2° 1.9° 1.3° 1.2°
Toe Off
RFFHFA RFFTBA RHXFFA
X Y Z X Y Z X Y Z
Day I -10.1° -1.1° 9.8° -16.6° -12.5° 14.3° 7.2° -18.8° -1.8°
Day II -8.5° 4.6° 6.8° -14.5° -14.2° 13.9° 17.4° -20.2° -3.0°
Day III -9.3° 1.0° 1.7° -12.9° -18.8° 10.9° 16.3° -16.2° -1.6°
Day IV -10.2° 1.0° 4.5° -15.7° -11.6° 14.6° 8.6° -19.9° -1.8°
MAD 0.6° 1.5° 2.6° 1.2° 2.2° 1.1° 4.5° 1.3° 0.4°
Table 4-3 Median for each of the four days and the corresponding
median absolute deviation for each joint angle
4.2.1.3 Designed shoes
The designed shoes consist of basic canvas, that was trimmed around the position
of each marker. The shoes had minimum heel height (5mm) and no cushioning as
the inner sole was removed. These shoes allow as free as possible movement of the
foot segments with replication of marker placement. It should be noted, however,
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that the lacing section, does restrict midfoot movement while keeping the shoes in
place. Nevertheless, it has been widely reported that the midfoot joint has a small
range of movement (see for example Leardini et al. [2007a] and Sanchis-Salesa
et al. [2016]), which is negligible when compared with other foot joints. When
evaluating this joint, it could be observed that this small range of movement can
be found in all of the three planes: from −2° plantarflexion to 5° dorsiflexion, from
−5° inversion to 3° eversion and from −5° adduction to 1° abduction.
Figure 4-3 OFM marker placement: barefoot, designed shoes and
shoes.
4.2.1.4 Data collection and processing
The experiment consisted of three sessions of 30 trials for each subject. One third
of these were in a barefoot condition, another third in a shod condition and the
last 30 trials wearing the designed shoes. The last two sets of trials included
analysis of the plantar pressure using Tekscan insoles. A static trial was first
performed in order to scale the Oxford Foot Model for the participating subject.
The subjects were then asked to walk at their own pace, stepping first with the
right foot on the forceplate, and then with the left foot. Each session consisted
of a total of 15 trials for each leg. Although walking speed was not controlled,
only trials with similar velocity were used. Average walking speed for the trials
was 0.834±0.093m/s. Once each batch of trials was concluded, the system was
calibrated again and markers were removed from the subject. The position of
each marker was marked to facilitate the replacement. Afterwards, the markers
were replaced and the following sessions were completed. Markers replacement
was done with an accuracy of 1mm.
All the acquired information was processed using multiple software tools including
Vicon Nexus 1.8.5, Polygon 3.5.2, Matlab 2014a and Excel. As described in Wright
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et al. [2011], Heel Strike was considered as being when the ground force reaction
was greater than 10N and Toe Off when this force was less than 10N. Data sets
were processed/smoothed by applying a fourth order Butterworth filter at a cut-off
frequency of 8Hz [Winter, 2005].
4.2.2 Results
4.2.2.1 Plantar Pressure and Gait Analysis
The final aim of this study was to be able to simultaneously analyse both ap-
proaches (gait analysis and plantar pressure measurements).
The reliability of the designed shoes was assessed by placing the insole in both
kinds of footwear used for all of the trials. Results were similar, proving the
reliability of the method: the total force was similar during the gait cycle for both
conditions. Figure 4-4 presents results for one of the subjects. Results for the rest
of the subjects can be found in appendix D.
Figure 4-4 Results on plantar pressure for subject 15. Plantar pres-
sure map and corresponding total foot force vs. Percent of Stance
graph, for the left foot: (a) plain and (b) designed shoes.
Two stances were averaged, over approximately 50 seconds. A stance is a group of
frames in which there is a minimum amount of pressure on the sensor. According
to the Tekscan system, it groups all of the frames of pressure data from the
heel strike to the toe off into only one “stance”. The first and last stances were
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excluded because they are usually incomplete. At any time, the total vertical force
is calculated as the sum of all of the small vertical “local” forces exerted over each
activated sensor. Given that the foot should not be considered as a rigid body,
but as a multi-segment structure, it is relevant to observe the resulting force for
each segment. A geometrical masking was applied, analysing the force for the heel
and metatarsal. The results were also consistent for both sets of measurements
(see figure 4-5). Results for the rest of the subjects can be found in appendix D.
Figure 4-5 Results on plantar pressure for subject 15. Force by foot
segment (subject 15): (a) Shod Condition (b) Wearing the designed
shoes.
A further analysis was performed, comparing each set of data for each subject.
Measurements were grouped in sets of 10 trials (the first two trials out of the
fifteen were taken as practice, the following ten were used for analysis); 10 trials
when wearing normal shoes and 10 when wearing the designed shoes. These two
groups were compared for each subject, all yielding similar results (see table 4-4).
Group B - Group B -
Group A Group B Group A Group A
Diff % Diff
Minimum force of PS/A (N) 966.04 987.41 21.37 2.2
Force Average of PS/A (N) 1005.90 1050.80 44.90 4.5
Force Maximum force of PS/A (N) 1029.24 1187.12 157.88 15.3
Note: PS/A means Peak Stance Average and refers to a single movie frame,
created by averaging the peak frames.
Table 4-4 Minimum, maximum and average forces for each group and their differences.
Figure 4-6 displays joint angles versus percentage of gait for one subject for the
three studied conditions: Barefoot (in blue), Shod (in green) and Designed shoes
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(in red). As expected, the results for the same person, under barefoot and shod
conditions, showed a significant difference. These differences have been widely
studied and reported (see for example Kung et al. [2015], Franklin et al. [2015]
and Zhang et al. [2013]). The bespoke gait analysis designed shoes, on the other
hand, proved to be reliable as the error introduced was smaller than that for the
repeatability analysis performed on (figure 4-6).
Figure 4-6 Joint angles versus percentage of gait cycle for a sub-
ject in three conditions (barefoot, shod and designed shoes). Barefoot
(blue), Shod (green) and Designed shoes (red). Heel Strike at 0% and
Toe Off approximately at 60% (the vertical line).
4.2.2.2 Statistical Analysis
As a first approach, a mean and standard deviation (SD) analysis was performed
over the data collected from one subject (figures 4-7 and 4-8). 10 trials were
analysed from each session, providing the mean and the SD for each session.
While showing good reliability for the proposed method, this approach was dis-
missed as the mean is not a representative measurement for these trials. The
median is the most appropriate approach for gait analysis, as it uses the value
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of the trial that lies in the middle of all of the values generated. Therefore, the
largest and smallest values do not have a significant weight in the overall analysis
[Gage, 1997].
Figure 4-7 Mean joint angles for one person during heel strike for
the three conditions.
Figure 4-8 Mean joint angles for one person during toe off for the
three conditions.
A strong correlation was found (see figure 4-9), and the median absolute deviation
showed consistency for both conditions. The correlation coefficient quantifies the
strength of the linear association between the two variables. The expression for
this coefficient is given by:
r =
∑n
i=1(Xi −X)(Yi − Y )√∑n
i=1(Xi −X)2
∑n
i=1(Yi − Y )2
(4-1)
where X and Y are two data sets and X and Y the averages. It has a value
between -1 and 1 and there is perfect correlation when it is exactly 1 or -1. In this
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case, we have a positive correlation coefficient, which means that increasing values
for one of the variables will mean an increase in the values of the other variable.
In the case of the Heel Strike, the calculated correlation coefficient varies between
0.78 and 0.98 for FF/HF, and between 0.9 and 0.97 for FF/TB. During Toe Off, the
values lay between 0.84 and 0.89 and between 0.78 and 0.85 respectively. However,
a lower coefficient can be seen in the case of the hallux segment, especially in
the sagittal plane. These values are consistent with the repeatability analysis
described in section 4.2.1.2.
Figure 4-9 Scatter plot, correlation between joint angles for both
conditions for the 15 subjects, corresponding to a Heel Strike event
(top) and a Toe Off event (bottom).
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4.2.3 Discussion and Conclusions
In the Oxford Foot Model, the foot is referenced according to room coordinated
positions. Therefore, the local coordinate system of each segment is oriented to
the laboratory coordinate system (the static position is 0 degrees). The reference
segment is the shank, and the foot is divided into three rigid body segments:
Hindfoot, Forefoot and Hallux; where the midfoot is the mechanism responsible
for transmitting motion between the Hindfoot and the Forefoot.
The Oxford Foot Model has proven to be repeatable as the kinematics calculated
lie within the same range of values for all of the trials in the repeatability analysis.
However, particular care should be taken when the static trial is performed as the
model scales to the participating subject, thus locating the local coordinates sys-
tems in relation to the global coordinate system. An error introduced in the static
trial will therefore affect the whole set of subsequent trials. It is also noticeable
that the variability among subjects is large, despite keeping a pattern of motion
which is consistent throughout all the trials, the values in the different planes do
vary (figure 4-10).
Figure 4-10 Comparison of 2 subjects’ gait cycle (shoe size 4).
Three trials per subject chosen randomly.
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We can define patterns of movements for each plane which will be characteristic of
each event in the gait cycle. These movements are: eversion and inversion (for the
coronal plane), dorsiflexion and plantarflexion (for the sagittal plane), abduction
and adduction (for the transverse plane). It should be taken into consideration
that different multi-segment foot models will produce different sets of joint angle
data. Therefore, while having a similar waveform, joint angle information for
the gait cycle cannot be compared without performing previous mathematical
manipulation.
The designed shoes (figure 4-3) proved to be reliable in terms of marker place-
ment and plantar pressure measurements obtained. The proposed method, which
introduces the use of specially designed shoes, can be used to reconcile barefoot
and shod conditions in the Oxford Foot Model as it can mimic both conditions to
study gait and plantar pressure at the same time. This offers a promising method
for conducting further research on foot modelling in order to obtain valuable in-
formation at the same time from both approaches. Using a system that combines
gait analysis and plantar pressure can enhance our understanding of normal gait
and therefore a pathological one and its patterns.
4.3 Anthropometric measurements of the foot
4.3.1 Foot segments
Images have been provided by consultants from University Hospitals Coventry and
Warwickshire (UHCW) in order to support the models in terms of geometry and
parameterisation. A total of 10 series of healthy feet images (involving X-rays,
CT scans and MRI) were analysed using Matlab and ImageJ software to obtain
information regarding the dimensions for each of the proposed segments as shown
in table 4-5.
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Segment % of total horizontal length Width (mm) Height(mm)
Phalanges 17.25 81.8 19
Metatarsals 29.72 81.7 28
Midfoot 16.2 69.4 37.7
Talus 28.48 46.9 35.4
Calcaneus 35.69 50.50 48
Table 4-5 Anthropometric measurements of the foot
4.3.2 Arch height
A total of 10 trials from the study introduced in the previous section (4.2) were
analysed in order to find the median for the arch height. These trials correspond
to 10 subjects (5 female and 5 male, age range: 22-34 years) who performed static
trials in the Gait Laboratory within the School of Engineering at the University of
Warwick [Jaitman et al., 2015]. A total of 250 frames were analysed and processed
using Vicon Nexus 1.8.5 for each subject, yielding a median of 23.28mm for the
arch height with a standard deviation of 1.98mm (figure 4-11). The arch height is
one of the outputs of the Oxford Foot Model.
Figure 4-11 Arch height for 10 subjects (S1-S10)
4.3.3 Mass
The mass of the total foot, as defined by Winter [2005], is 0.0145M (where M is the
total body mass). This mass is distributed throughout the hindfoot,midfoot and
midtarsals and forefoot. The rest of the body has a mass of 0.9855M , assuming
that the body mass is equally distributed in the frontal plane.
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4.3.4 Ground Reaction Force (GRF)
A forceplate in the Gait Laboratory permits calculation of the total force applied
by the foot to the ground, assuming it is located at a single point which is the
Centre of Pressure (CoP). However, when examining the foot, the distribution of
this force over the foot is a critical issue. The foot plantar pressure is then the
pressure acting between the foot and the support surface during motion activities.
While the Morlock and Nigg [1991] model represents the ground reaction force as
a vertical component applied at the phalanges, it is more accurate to distribute
this force along the plantar surface of the foot.
A Tekscan F-Scan plantar pressure system was used with in-shoe 3000E sensors
(insoles). 14 subjects were asked to stand on the insoles for 1 minute1. After
processing and analysing 750 frames for each trial, the ground reaction force was
found to be distributed as described in table 4-6 and figure 4-12. These results
match previous studies (e.g. Salathe Jr et al. [1986]).
Sub-
ject
% Left
Pha-
langes
% Left
Midtarsal
&
Midfoot
%
Left
Rear-
foot
% Right
Pha-
langes
% Right
Midtarsal
&
Midfoot
%
Right
Rear-
foot
Shoe-
size
Body-
mass
(kg)
S1 2.88 12.53 33.90 2.29 11.86 27.35 8 80
S2 0.93 16.49 35.40 0.00 14.61 26.66 9 79
S3 0.68 15.21 26.70 0.89 15.49 27.59 6 65
S4 1.10 16.14 35.77 0.07 14.98 22.31 6 60
S5 0.59 18.56 20.72 2.32 10.13 44.18 8 80
S6 0.58 18.83 26.85 0.46 29.88 21.65 9 79
S7 0.35 15.71 46.16 0.75 6.90 27.98 4 60
S8 0.00 10.97 41.34 0.01 7.77 38.45 4 46
S9 2.35 19.16 20.87 1.61 24.91 27.92 5 63
S10 1.13 19.31 14.70 0.70 26.93 21.90 8 73
S11 0.00 12.81 39.22 0.08 8.54 32.34 8 77
S12 0.00 11.92 41.12 0.69 9.05 37.69 9 65
S13 0.00 13.73 29.74 0.06 5.80 42.01 6 61
S14 1.67 20.14 21.83 3.66 23.07 20.18 7 80
Me-
dian
0.63 15.92 31.82 0.70 13.24 27.75 8 69
Table 4-6 Ground reaction force distribution
1The experiments comply with all data protection requirements as stated in the University
of Warwick BSREC ethical approval: BSREC full approval REGO-2013-582 Foot Modelling
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Figure 4-12 Ground reaction force distribution. Plantar pressure
analysis for 14 subjects (S1-S14), and the distribution of the ground
reaction force (GRF) throughout the foot.
4.4 Muscle-tendon Modelling
It is necessary to analyse muscle mechanics in order to understand motion. Move-
ment is possible due to the force produced by muscles which is transferred to joints
via tendons inserted at a certain distance from the joints [Zajac, 1989]. Therefore,
there are four main characteristics of the muscle-tendon unit that need to be anal-
ysed prior to any model application: length, moment arm, pennation angle and
muscle activation. An analysis of these four topics is performed in the following
subsections, comparing and validating different types of methodologies.
4.4.1 Data Collection
One subject (male, 34 years old, 186.5cm height and 115kg bodymass) partici-
pated in these studies. The studies comprised of different sessions where diverse
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methodologies were used in order to assess fibre length, pennation angle, muscle-
tendon length and muscle activation of the following muscles: Tibialis Anterior
(TA), Extensor Digitorum Longus (EDL), Extensor Hallucis Longus (EHL), Lat-
eral Gastrocnemius (GAS L), Medial Gastrocemius (GAS M), Tibialis Posterior
(TP), Flexor Digitorum Longus (FDL), Flexor Hallucis Longus (FHL), Peroneus
Longus (PL), Peroneus Brevis (PB). The selection of the analysed muscles was
based on previous electromyographic studies [Nordin and Frankel, 2001], identi-
fying muscle activation during the gait cycle. The used methodologies were the
following:
1. Ultrasound: ultrasound images were obtained for lower limb muscles in order
to study actual fibre length and pennation angles in different ankle angles
(resting, plantarflexion and dorsiflexion).
2. MRI: magnetic resonance was used to study muscle-tendon length and mo-
ment arm. Three MRIs were obtained: resting, plantarflexion and dorsiflex-
ion.
3. Motion capture: following the input of parameters (body mass, height, leg
length, knee width and ankle width) in the Vicon Nexus 1.8.5 system, the
subject was markered up with 43 markers according to the Oxford Foot
Model marker set, and then a static trial was perfomed (process described
in 3.1.3).
4. Electromyography: was used for activation studies; electrodes were placed
on the skin, above the studied muscles on the right leg, recording muscle ac-
tivity sampled at 1000Hz with an Aurion Zero-wire system. Electrodes were
placed following SENIAM recommendations [SENIAM, 2003] and studies
performed by Hermens et al. [2000].
Motion capture experiments were carried out at the University of Warwick Gait
Laboratory, complying with all data protection requirements as stated in the Uni-
versity of Warwick BSREC ethical approval (BSREC full approval REGO-2013-
582 Foot Modelling) and written informed consent was obtained for the participat-
ing subjects. Images were obtained by the author in Medical Diagnosis and Breast
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Research Center, Buenos Aires, Argentina under its ethical approval and informed
consent was obtained for the subject (see appendix A for further information on
ethical approval).
4.4.2 Muscle-tendon length
Until recently, the only information that could be gathered regarding muscles
was obtained through cadaveric studies. A muscle’s characteristics such as fibre
length and pennation angle were studied individually so no further analysis was
performed on synergistic or antagonistic pairs of muscles. With the introduction
of imaging techniques, such as MRI and ultrasound, it is now possible to analyse
muscle structure in vivo. In order to study muscle-tendon length it is essential to
understand the origin, insertion and muscle path. The first two have already been
studied in the literature and summarised in table 2-1 (chapter 2). The muscle
path will determine the line of action of the force, and establish muscle tendon
length. As described in Zatsiorsky and Prilutsky [2012], muscles can have either
a straight line path or curved path (wrapped around bones and tissues) and these
paths can be determined using different approaches. As lower limb muscles wrap
around diverse structures and cross many joints, a straight line approach (where
the muscle is modelled as one straight line linking origin and insertion) is not
feasible. The selected approach for lower limb muscles is the via-point model,
thus representing muscles as an arrangement of straight lines. In order to assess
the reliability of the method, results from motion capture and MRI were compared.
In order to assess muscle-tendon length using motion capture, subject was asked
to lie on a bed in the Gait Laboratory, where a passive stretching was performed.
The subject was asked not to perform any voluntary movement. The ankle was
passively dorsiflexed and plantarflexed manually. The reconstructed views from
the motion capture system can be seen in figure 4-13.
Due to their complex pathways, initially additional markers were placed along the
muscle-tendon unit in order to represent the via points that permit calculation of
total length (figure 4-14).
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Figure 4-13 Passive ankle dorsiflexion and plantarflexion, recon-
struction from Gait Laboratory experiments.
Figure 4-14 Muscle-tendon length (with extra markers) in Gait
Laboratory
Although this provides an estimation of muscle-tendon unit (MTU) length, this
method overestimates length as it requires the placement of 40 extra markers in
order to assess all of the muscles, which cannot be fixed to origin and insertion
points. Moreover, it is impossible to assess intrinsic muscles in the sole of the
foot. The code developed and presented in Baker [2011] has in this work been ex-
tended to include the possibility of adding virtual markers to the skeletal model.
Therefore, a combination of extra markers and an adapted dynamic bodylanguage
model was used to define muscle pathways. This model provides origin and in-
sertion points that are directly attached to the bone and defines the via points
in between. Muscle resting length, tendon slack and their ranges of motion were
measured before the experiments, by palpation.
A repeatability analysis was performed in order to understand what sensitivity
should be allowed for musculotendon length measurements and also validate the
proposed methodology. The same subject was markered upon two consecutive
days and was asked to perform five passive trials each day (figures 4-15 to 4-19)
which were sampled every 0.005 seconds. Good correlation was found in between
days, ranging from 0.965 to 0.9982 (see table 4-7).
In order to validate the method, these measurements were compared to MRIs
obtained for the same subject for 3 different ankle angles: plantarflexion, resting
and dorsiflexion (figure 4-20). These images were analysed using ImageJ in order
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to obtain muscle-tendon lengths for the three ankle angles, each series consisted
of 32 T2 weighted MRIs. Another correlation analysis was performed comparing
motion capture and MRI, results can be found in table 4-7.
Figure 4-15 MTU length comparison for 2 consecutive days (10
trials) and MRI results (black series) for GAS M and GAS L
Figure 4-16 MTU length comparison for 2 consecutive days (10
trials) and MRI results (black series) for TP and FDL
Figure 4-17 MTU length comparison for 2 consecutive days (10
trials) and MRI results (black series) for PB and PL.
58
Chapter 4. Intermediate Results
Figure 4-18 MTU length comparison for 2 consecutive days (10
trials) and MRI results (black series) for FHL and TA.
Figure 4-19 MTU length comparison for 2 consecutive days (10
trials) and MRI results (black series) for EDL and EHL.
Figure 4-20 MRI reconstruction (left) and series (right): dorsiflex-
ion, resting, plantarflexion.
GAS M GAS L FDL FHL PL PB TP TA EDL EHL
R21 0.989 0.987 0.978 0.974 0.965 0.998 0.998 0.997 0.984 0.969
R22 0.998 0.998 0.999 0.997 0.994 0.999 0.999 0.998 0.998 0.993
R21 is the correlation relating between days variability and R
2
2 compares motion
capture with MRI.
Table 4-7 Correlation table for muscle-tendon length analysis
4.4.3 Moment Arm
Muscle forces can be obtained through the analysis of joint torques, if the line of
action of the muscle and moment arm are known. Moment arm is defined as the
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distance from the line of action to the joint of interest [Zatsiorsky and Prilutsky,
2012], and is given by:
M = F × r (4-2)
where M is the moment at the joint, F the force produced by the muscle and r the
moment arm. In this study, muscle moment arm is calculated using the principle
of virtual work. The muscle connects the origin and insertion via a pathway.
According to Sherman et al. [2013], assumptions have to be made in order to be
able to apply the concept of virtual work: the total muscle-tendon length (lMT )
is a kinematic quantity that can be calculated if the position of every segment is
expressed in general coordinates (q), assuming for any given muscle:
lMT = lMT (q) (4-3)
In the same way, the joint angle of interest will be defined by an angular quantity:
θ = θ(q) (4-4)
Therefore, moment arm can be defined by the angle θ and muscle-tendon length l.
A virtual angular displacement dθ will then produce a virtual change in muscle-
tendon length dl. Moment arm can then be expressed as:
rθ ,
Mθ
F
(4-5)
where rθ is the moment arm and Mθ the generated moment by force F . Assuming
all joints and sufaces are frictionless, according to the principle of virtual work:
Fdl = Mθdθ (4-6)
Combining equations 4-5 and 4-6, a method for calculating the moment arm can
be expressed as:
rθ =
dl
dθ
(4-7)
This method has been applied in this study, to calculate the moment arm for the
muscles analysed in the previous section (figures 4-21 to 4-25). These results show
good agreement with the MRI measurements as shown in figures 4-21 to 4-25.
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Figure 4-21 Moment arm: motion capture (trendline for day 1 and
2) and MRI results (blue series) for GAS M and GAS L.
Figure 4-22 Moment arm: motion capture (trendline for day 1 and
2) and MRI results (blue series) for TP and FDL.
Figure 4-23 Moment arm: motion capture (trendline for day 1 and
2) and MRI results (blue series) for PB and PL.
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Figure 4-24 Moment arm: motion capture (trendline for day 1 and
2) and MRI results (blue series) for FHL and TA.
Figure 4-25 Moment arm: motion capture (trendline for day 1 and
2) and MRI results (blue series) for EDL and EHL.
4.4.4 Pennation angle
The pennation angle is the angle between muscle fibres and the aponeurosis of
the tendon. As the pennation angle increases, the force transmitted to the tendon
decreases. According to many authors (Olney and Winter [1985] for example),
this angle can be neglected as it only has a small effect on muscle output as
F T = F fibre. cos(α) and α is usually less than 20 degrees, causing a maximum
error of 6% in the output. Other studies use the optimal pennation angle and
assume that it remains constant [Bobbert and Schenau, 1990]; and other authors
agree that the model should incorporate pennation angle and its dependency on
fibre length [Woittiez et al., 1984].
In this study, in order to assess pennation angle using ultrasound, each subject was
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asked to lie on a bed and perform a maximum voluntary contraction test with the
right leg, verified by means of a handheld dynamometer. The subject performed
an isometric test in dosiflexion, the neutral position and plantarflexion. Infor-
mation on fibre length and pennation angle were obtained for each of the cases.
Six lower limb muscles were studied in this case: Tibialis Anterior (TA), Lateral
Gastrocnemius (GAS L), Medial Gastrocemius (GAS M), Tibialis Posterior (TP),
Flexor Hallucis Longus (FHL), Peroneus Longus (PL). A study analysing different
pennation scenarios was performed in order to study the effect of pennation angle
in terms of fibre force production. This study followed the procedure decribed by
Scott and Winter [1991] where different scenarios were considered:
1. No pennation angle: all fibres are parallel to the tendon, so α = 0
2. Constant pennation angle: optimal pennation angle (angle at the optimal
fibre length) is considered to remain constant, α = α0. This value is obtained
from ultrasound measurements.
3. Variable pennation angle: assuming that the width of the muscle remains
constant, Lfibre sinα = Lfibre0 sinα0 = w, where L
fibre
0 is the optimal muscle
fibre length and α0 the optimal pennation angle. Therefore, the pennation
angle can be expressed as a function of the fibre length, if optimal fibre
length and pennation angle are known (4-26):
α = sin−1
Lfibre0 sinα0
Lfibre
(4-8)
Figure 4-26 Pennated muscle diagram
4. Real pennation angle: least-squares regression on ultrasound measurements
was performed to obtain the pennation angles for the 6 lower limb muscles
(see figure 4-27(bottom)). The three previous models were compared to this
last one.
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Table 4-8 summarises optimal fibre length l0 and optimal pennation angle α0 used
for the studied muscles.
TA GAS L FHL TP PL GAS M
l0(mm) 58.82 56.56 14.74 27.483 33.207 48.73
α0(deg) 10.29 17.40 15.60 17.81 13.15 9.5
Table 4-8 Optimal fibre length l0 and optimal pennation angle α0.
Figure 4-27 Pennation angles for both, (top) variable and (bottom)
regression models
An analysis was performed on Force-Length and Force-Velocity relationships, de-
picted in the following figures 4-28 to 4-33. The blue series denote no pennation
angle assumption, red denotes constant pennation angle, cyan variable pennation
angle and dashed curves correspond to regression pennation. In all of the cases,
the variable pennation angle provided the best fit to the regression data. As can
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be seen from the figures, the output force until the fibre length reaches its rest-
ing length, is slightly smaller in the case of variable pennation, fixed pennation
and regression pennation, in comparison with the no pennation angle assumption.
However, it provides the smallest output force after 1.2 times the resting length.
As in Scott and Winter [1991], substracting each model from the regression one,
an estimate of the model error can be obtained. The error is always small around
resting length (l = l0). When analysing the Force-Velocity relationship, it can
be noticed that the error is biggest for the constant pennation angle assumption.
The errors tend to be small when shortening and bigger while lengthening. The
variable model provides the best fit, followed by the no pennation angle model.
The fixed pennation angle assumption provides the worst estimates in terms of
the Force-Velocity relationship. According to this study, if there is no available in-
formation regarding the pennation regression, a good estimate of the force output
can obtained by assuming no pennation angle.
Figure 4-28 Tibialis Anterior pennation angle analysis.
65
Chapter 4. Intermediate Results
Figure 4-29 Medial Gastrocnemius pennation angle analysis.
Figure 4-30 Lateral Gastrocnemius pennation angle analysis.
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Figure 4-31 Tibialis Posterior pennation angle analysis.
Figure 4-32 Peroneus Longus pennation angle analysis.
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Figure 4-33 Flexor Hallucis Longus pennation angle analysis.
4.4.5 Muscle Activation
Any motor task requires the central nervous system to send an activation signal
to the muscle which will contract and transmit this force to the tendon, thus
moving the bones. Muscle activation is a fundamental parameter when modelling
the muscle-tendon unit, and the only way we can assess fibre recruitment is by
means of electromyography. This type of analysis gives qualitative information
regarding which muscles are involved in motion tasks and its analysis has already
been described in section 3.2. Given that the muscle has a passive and an active
component, it is essential to understand which of them (if not both) are present
during the gait cycle or whether one is contributing a negligible amount. In order
to study muscle activation, the same subject was markered up and electrodes were
placed on the skin, above the studied muscles on the right leg as shown in figure 4-
34. The muscles studied were: Tibialis Anterior (TA), Extensor Digitorum Longus
(EDL), Extensor Hallucis Longus (EHL), Lateral Gastrocnemius (GAS L), Medial
Gastrocemius (GAS M), Tibialis Posterior (TP), Flexor Digitorum Longus (FDL),
Flexor Hallucis Longus (FHL), Peroneus Longus (PL), Peroneus Brevis (PB), Ab-
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ductor Hallucis (AH) and Abductor Digiti Minimi (ADM). Muscle-tendon units
were first palpated according to Houglum and Bertoti [2012], Field and Hutchin-
son [2008], Muscolino [2009] and Palastanga and Soames [2011], and then the
electrodes were placed following SENIAM [2003] recommendations. For a detailed
description of muscle palpation and position of each electrode refer to appendix
E.
The subject perfomed diferent movements according to the trial. The study con-
sisted of three different experiments performed by the same subject: maximum
voluntary contraction (MVC) trials, one walking trial and a passive movement
trial, which will be described in the following sections.
Figure 4-34 EMG electrode placement on the lower limb for the
activation study
4.4.5.1 Maximum voluntary contraction
In order to normalise the electromyographic signals, it is necessary to first per-
form a maximum voluntary contraction (MVC) test. In this type of test, the
subject produces the maximum amount of force during an isometric exercise. For
this purpose, a rig was built, in which the maximum force was measured by the
plantar pressure insoles as depicted in figure 4-35. The subject was first asked to
perform an isometric test in plantarflexion and then dorsiflexion, to study both
the flexor and extensor muscles. Two trials were recorded (5 seconds each), with a
resting period of 30 seconds in between. An analysis was then performed to see if
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the maximum voluntary contraction was reached (by comparing pressure maps).
Values for EMG were also recorded to normalise the rest of the trials.
Figure 4-35 Isometric testing rig, dorsiflexion (left) and plantarflex-
ion (right)
4.4.5.2 Muscle activation during walking trials
For this second experiment, the subject was asked to walk at his natural pace.
Kinematic and kinetic data were collected, as well as electromyographic data.
The latter were analysed using the methods described in 3.2 and the results from
these experiments are shown in figures 4-36 to 4-38. These results are consistent
with the ones found by Saraswat et al. [2010], which are shown in figure 4-39.
As can be inferred from the EMG patterns, not all of the muscles are active
throughout the whole cycle. When inactive, muscle belly can still be moved by
the surrounding connective tissue (the passive component) and also agonist and
antagonist muscles. It can also be seen that, reasonably, there is not even one
moment during the gait cycle when all of the muscles are inactive and therefore
only produce passive force. Therefore, it is necessary to perform other types of
experiments in order to estimate the parameters for the muscle-tendon passive
elements first.
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Figure 4-36 Electromyographic analysis of lower limb muscles during walking (I).
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Figure 4-37 Electromyographic analysis of lower limb muscles during walking (II).
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Figure 4-38 Electromyographic analysis of lower limb muscles during walking (III).
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Figure 4-39 Muscle activation taken from Saraswat et al. [2010].
Muscle activation patterns corresponding to musculoskeletal model
proposed by Saraswat et al. [2010] (lines) and values obtained from
Perry [1992] (shaded).
4.4.5.3 Muscle activation during passive movement
The same subject was asked to lie on a bed in order to perform passive stretch-
ing. The subject was asked not to perform any voluntary movements, the ankle
was passively dorsiflexed and plantarflexed manually (figure 4-40), while assessing
electromyography (figure 4-41).
Figure 4-40 Passive ankle dorsiflexion/plantarflexion assessment.
As can be noticed from the electromyographic results, the only signal the electrodes
catch is noise as it represents less than the minimum voltages considered in any
other active assessment. Therefore, during the passive movement there is no
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muscle activation; and this method will be used in the following chapters for
assessing passive components of the muscle.
Figure 4-41 Muscle activation during passive testing: Activation
patterns measured with the Aurion Zero-wire system.
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5Multi-segment foot model
The main objective of this chapter is to develop a mechanical model that can
describe the behaviour of skeletal muscle. There are several models describing
muscle function, of particular interest is the Hill muscle model which is analysed
from a numerical and structural point of view in this chapter. A multi-segment foot
model is proposed, and parameters for tendon and muscle damping and stiffness
are obtained for 15 subjects through fitting techniques.
5.1 Introduction - mechanical models
There are multiple models that have been developed to explain the mechanical
properties of the muscle, of particular interest is the Hill muscle model which is
here analysed from a numerical and structural point of view. Hill muscle models
are commonly used in biomechanics in order to predict passive and active muscle
forces. This type of model is phenomenological so the behaviour of the muscle
is characterised and predicted by means of differential equations and parameters
that govern the model using springs, an active contractile element and a damping
element [Haeufle, 2014]. This model is used to describe the relationship between
input and output in muscle force production from a mechanical point of view.
Figure 5-1 depicts Hill muscle model.
 Contractile Element (CE): corresponds to the active part, responding to
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motor neuron units, and resulting in force production due to an activation
signal.
 Parallel Damping element (b): it works in parallel with the contractile ele-
ment, and represents the fluid within the muscle.
 Parallel Elastic element (PEC): represents the connective tissue surround-
ing the muscle and responsible for producing the elastic force that restores
the muscle to its resting length. km denotes the elastic constant for the
PEC.
 Serial Elastic element (SEC): representing tendon and aponeuroses. kt
denotes the elastic constant for the SEC.
Figure 5-1 Hill muscle model
5.1.1 Model equations
As mentioned in chapter 2, muscle comprises an active component, which generates
force if active and depends on the contractile element, and a passive component,
which resists movement once beyond the resting length and depends on the elastic
elements. Then, the force generated by the contractile element in the Hill muscle
model, is given by:
FM(t) = FM0 a(t)f(v)f(l) (5-1)
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where FM(t) is the muscle force, FM0 is the maximum isometric force, a(t) refers to
the activation dynamics, f(v) represents the normalised relationship between fibre
force and shortening velocity and f(l) the normalised relationship between fibre
force and its length. The musculotendon unit comprises activation and contraction
dynamics (see figure 5-2). It uses as an input the muscle excitation and muscle
length. The output is the muscle/tendon force.
Figure 5-2 Activation and contraction dynamics
Contraction dynamics can be described through the following equations:
F T (t) = kt(L
T (t)− LTo ) (5-2)
FM(t) = FCE(t)− km(LM(t)− LMo )− b
dLM(t)
dt
(5-3)
where F T (t) and FM(t) are the tendon force and muscle force respectively, LMo is
the muscle resting length and LTo is the tendon slack. The force produced by the
muscle must be equal to the force produced by the tendon:
FCE(t)− km(LM(t)− LMo )− b
dLM(t)
dt
= kt(L
T (t)− LTo ) (5-4)
5.1.2 Structural identifiability of the Hill muscle model
It is highly important to understand whether the parameters for the elements are
unique with respect to the observed response, as they cannot be directly measured
and need to be estimated through model fitting. In order to determine whether
these parameters can be uniquely estimated, a structural identifiability analyses is
performed. These methods analyse the known equations of the multiple input/out-
put model and determine if the parameters are uniquely identifiable, meaning that
78
Chapter 5. Multi-segment foot model
there is only one set of parameter values for the observed responses [Godfrey and
DiStefano, 1987] for the given observations. The parameters can also be locally
identifiable (when there is a finite or countable number of solutions) or uniden-
tifiable (infinite number of solutions). One common approach is to use Laplace
transform and transfer function analysis as follows:
Given equations 5-2 and 5-3, the displacement of the muscle and tendon and
muscle-tendon unit can be expressed as:
ε(t) = LM(t)− LMo + LT (t)− LTo (5-5)
εm(t) = L
M(t)− LMo (5-6)
εt(t) = L
T (t)− LTo = ε(t)− εm(t) (5-7)
Replacing in equations 5-2 and 5-3, we obtain:
F T (t) = kt(ε(t)− εm(t)) (5-8)
FM(t) = FCE(t)− kmεm(t)− bdεm(t)
dt
(5-9)
Applying Laplace on equations 5-8 and 5-9 on both sides:
F T (s) = kt(E(s)− Em(s)) (5-10)
FM(s) = FCE(s)− kmEm(s)− bsEm(s) (5-11)
Because FM(s) = F T (s) = F (s), equating equations 5-10 and 5-11 result in:
kt(E(s)− Em(s)) = FCE(s)− kmEm(s)− bsEm(s) (5-12)
Rearranging 5-12:
FCE(s) = kt(E(s)− Em(s)) + kmEm(s) + bsEm(s) (5-13)
FCE(s) = ktE(s) + (km + bs− kt)Em(s) (5-14)
Expressing equation 5-10 in terms of Em(s) yields:
Em(s) = E(s)− F
T (s)
kt
(5-15)
Substituting in 5-14 yields:
FCE(s) = ktE(s) + (km + bs− kt)
(
E(s)− F
T (s)
kt
)
(5-16)
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FCE(s) = ktE(s) + (km + bs− kt)E(s)− (km + bs− kt)F
T (s)
kt
(5-17)
Rearranging 5-17 and replacing F T (s) for F (s)
FCE(s) = (km + bs)E(s)− (km + bs− kt)
kt
F (s) (5-18)
Expressed in terms of exerted force 5-18 yields:
F (s) =
(km + bs)kt
(km + bs− kt)E(s)−
kt
(km + bs− kt)F
CE(s) (5-19)
The second term in equation 5-19 is affected by the contractile element (i.e. active
part of the model). If activation is zero, for passive moment we can define:
Fpass(s) =
(km + bs)kt
(km + bs− kt)E(s) (5-20)
Transfer function can be inferred from equation 5-21 as follows:
Fpass(s)
E(s)
=
(km
b
+ s)kt
s+
(km − kt)
b
(5-21)
Analysing numerator and denominator coefficients of s and s0:
Numerator s1:
kt = k¯t (5-22)
Numerator s0:
ktkm
b
=
k¯tk¯m
b¯
(5-23)
From 5-22 and 5-23, can be inferred:
km
b
=
k¯m
b¯
(5-24)
Denominator s0:
kt + km
b
=
k¯t + k¯m
b¯
=
k¯t
b¯
+
k¯m
b¯
(5-25)
from 5-23 and 5-25, can be inferred:
kt
b
=
k¯t
b¯
(5-26)
Because kt = k¯t (from equation 5-22), b = b¯ (replacing in equation 5-26) and
therefore km = k¯m (replacing in equation 5-23), and therefore muscle stiffness
(km) and damping (b) and tendon stiffness (kt) are identifiable.
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5.2 Proposed Model
In order to study foot biomechanics, a multi-segment foot model is presented
comprising of 13 muscles (10 extrinsic and 3 intrinsic) based in the one studied
by Morlock and Nigg [1991]. Soft tissue behaviour under three loading places
(heel pad, metatarsal head and hallux) is also modelled and results are presented
in chapter 6. The musculoskeletal part of the model is depicted in figure 5-3,
showing the path of the analysed muscles, where GAS is Gastrocnemius, EDL
is Extensor Digitorum Longus, TA is Tibialis Anterior, EHL is Extensor Hallu-
cis Longus, FHB is Flexor Hallucis Brevis, PL is Peroneus Brevis, TP is Tibialis
Posterios, FDL is Flexor Digitorum Longus, FHL is Flexor Hallucis Longus and
FDB+AH+ADM refers to the group of muscles Flexor Digitorum Brevis, Abduc-
tor Hallucis and Abductor Digit Minimi respectively. The muscles were selected
because they are the ones that contribute the most to motion activities. Each
muscle-tendon complex is modelled using a the Hill muscle model introduced in
the previous section. Given that the strongest movement the foot perfoms is in
the sagittal plane, this study focuses on the forces and moments produced in that
direction. The plantarflexors (red, black and green in figure 5-3) are the strongest
muscles, working against gravity to keep balance and also providing propulsion
when needed.
Figure 5-3 Proposed multi-segment foot model
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5.2.1 Free body diagrams
A useful tool to perform this kind of study is the free-body analysis, in which we
input all the forces and moments that affect the system. Note that the forces are
represented by arrows that are only indicative of the line of action.
5.2.1.1 Ankle joint
In order to study the ankle joint, we have to analyse all the muscles crossing the
joint of interest. A free-body diagram is presented in figure 5-4(a). As can be seen,
there are ten muscles (considering Gastrocnemius as lateral and medial) crossing
the ankle joint (muscles are as defined in figure 5-3).
Figure 5-4 Foot free body diagram
Modified from Robertson et al. [2013]
In static situation, the equations describing the model are the following:∑
Fx = 0⇒ Fax + FGRFx = 0 (5-27)∑
Fy = 0⇒ Fay + FGRFy −mfg = 0 (5-28)
For dynamic situations, the equations of motion that govern the model can then
be derived as follow: ∑
Fx = mfax ⇒ Fax + FGRFx = mfax (5-29)∑
Fy = mfay ⇒ Fay + FGRFy −mfg = mfay (5-30)
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∑
Ma = Ifα⇒Ma + [ra−COM × Fa] + [rCOM−GRF × FGRF ] = Ifαf (5-31)
where Fx is the force at x direction, Fy is the force at y direction, mf the mass of
the foot, Fax is the force at the ankle in x direction, Fay is the force at the ankle
in y direction, ax is foot acceleration in x direction, ay is foot acceleration in y
direction, Ma is the moment at the ankle, If is the moment of inertia of the foot,
αf the angular acceleration, ra−COM the distance from the ankle to the center of
mass of the foot, rCOM−GRF is the distance to the point of application of ground
reaction force to the center of mass of the foot, g is gravity. Rearraging in 5-31,
yields:
Ma = Ifαf − [ra−COM × Fa]− [rCOM−GRF × FGRF ] (5-32)
The moment at the ankle is the outcome of all the muscle forces applied at the
ankle joint:
Ma =
nf∑
i=1
Fi × ri −
ne∑
i=1
Fi × ri (5-33)
This expression refers to the extension and flexion moments generated by muscles,
calculated as the force generated by the muscle (Fi) times the moment arm (ri).
For comprehension pursposes, the abbreviation of each muscle will be used as
subscripts instead of numbers. Expansion of equation 5-33 is:
Ma = FGASM × ra−GASM + FGASL × ra−GASL + FPL × ra−PL + FPB × ra−PB
+FTP×ra−TP +FFHL×ra−FHL+FFDL×ra−FDL−FEDL×ra−EDL−FEHL×ra−EHL
− FTA × ra−TA (5-34)
The moment at the ankle can be obtained from experiments, and therefore it is
possible to, through fitting techniques, estimate the unknown parameters. Given
that the force produced by the muscle must be equal to the one produced by the
tendon, it is possible to first estimate tendon parameters and obtain an estimate
of muscle force. This can be done by replacing the force transmitted by tendons
by the tendon displacement times its stiffness (i.e. F T (t) = kt(L
T (t) − LTo ) from
equation 5-2) in equation 5-34.
83
Chapter 5. Multi-segment foot model
5.2.1.2 Metatarsophalangeal joint
The metatarsophalangeal joint can be analysed in the same way as the ankle joint.
However, the moment at this joint is not a model output from Vicon system, and
therefore needs to be calculated. In this case, the mass and inertial moments of the
phalanx are neglected [Miyazaki and Yamamoto, 1993]. The free body diagram is
displayed in figure 5-5. The governing equations are:
Mmtp = FGRF × rmtp−GRF (5-35)
Mmtp =
nf∑
i=1
Fi × ri −
ne∑
i=1
Fi × ri (5-36)
Figure 5-5 Phalanx free body diagram
Modified from Robertson et al. [2013]
Applying the same process explained in the previous section, it is possible to
estimate tendon stiffness.
5.3 Parameter estimation
Due to the high number of muscles working together to perform any motor task,
the determination of individual muscle forces is a very complex issue. Muscles
cannot be individually measured with non invasive techniques and therefore forces
(and related parameters) are usually estimated through fitting techniques from
the moment at the joint of interest. Due to the complex nature of the muscles,
different type of trials have to be carried out in order to estimate muscle and
tendon parameters. Given that the force produced by the muscle is equal to the
force produced by its tendon, it is possible to estimate first tendon stiffness from
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walking trials by optimasing the moment around the joint of interest (ankle, for
example, for extrinsic muscles). Unfortunately, it is not possible to estimate muscle
stiffness and damping parameters from this type of trials, as it has been proven in
section 4.4.5 that the active component is always present. A passive trial was then
performed, allowing thus to estimate the stiffness and damping parameters for the
muscle, having already calculated tendon stiffness and compliance. The procedures
involved in both types of experiments have already been commented previously in
chapter 4, validating muscle-tendon length assessment as well as active and passive
muscle trials. For tendon parameterisation, subjects were asked to walk stepping
with the right and left foot on the forceplate alternately ten times. Subjects
were then asked to lie on the bed and five passive dorsi/plantarflexion trials were
perfomed, where the volunteer was asked not to perform any kind of voluntary
movement. In order to link this model to the diabetic foot, these same trials were
carried out for the same subjects, but wearing special orthotics in order to mimic
different diabetic injuries which will be discussed in chapter 7. Experiments were
carried out at the University of Warwick Gait Laboratory1 and written informed
consent was obtained for the participating subjects.
5.3.1 Tendon Parameterisation
Most of the movement in the muscle-tendon unit is produced by the muscle, and
therefore it is expected to find very high values for the tendon stiffness. One
of the tendons that undergoes a bigger change in length is the Achilles tendon
[Fukashiro et al., 1995]. However, it is very common to see in the literature
the tendon considered as rigid. Data were fitted per subject basis using linear
least squares regression, by optimising the moment around the ankle, using five
trials for parameter estimation and one more unused trial for validation. Stiffness
parameters (and its standard deviation) for 15 subjects are presented in table 5-
1. Further validation is presented in figure 5-6 for eight representative subjects,
where measured ankle moment (red) is compared with simulated one (blue).
1The experiments comply with all data protection requirements as stated in the University
of Warwick BSREC ethical approval: BSREC full approval REGO-2013-582 Foot Modelling
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EDL EHL FDL FHL GAS L GAS M
1 865.830±31.034 342.347±12.989 212.049±1.904 207.817±1.850 330.873±4.252 552.595±1.845
2 708.071±12.364 282.353±4.824 278.133±3.771 275.029±3.575 390.694±2.949 772.595±6.135
3 618.175±12.944 248.508±5.134 239.585±5.018 238.645±4.869 345.139±5.505 678.784±10.684
4 402.818±6.678 153.083±3.132 257.327±3.967 238.482±3.518 307.166±3.949 504.247±4.195
5 417.079±6.052 226.518± 3.510 294.746±2.853 271.349±2.498 455.803± 2.555 832.880±4.833
6 490.076±19.382 114.881±3.868 298.704±3.324 193.712±1.877 446.897±2.135 763.417±3.828
7 818.475±48.092 330.801±18.837 211.323± 2.308 211.981±2.128 322.911±.844 632.403±1.959
8 284.232±3.861 334.713±5.645 256.340±6.291 163.548±3.288 543.185±12.042 681.614±12.541
9 640.376±13.151 257.942±5.716 222.43±2.1782 220.2865±2.126 341.018±1.823 663.429±3.769
10 131.068±0.393 234.487±3.379 224.407±2.199 205.618±1.891 238.869±1.171 596.087±3.348
11 674.608±30.110 263.007±11.243 197.189± 2.609 184.376±2.204 398.103±2.186 761.546±4.855
12 884.165±26.081 359.404±10.556 249.711±2.704 247.719±2.624 373.972±1.505 735.742±3.372
13 1037.711±32.377 420.773±13.023 229.614±1.657 231.124±1.543 359.585±0.730 703.965±1.800
14 747.449± 14.627 300.047±5.775 277.558± 5.205 277.121±5.027 425.476±6.796 834.535± 12.885
15 642.509±15.989 330.066±8.307 283.903±4.101 282.902±3.959 394.659±3.121 616.397±4.644
PB PL TA TP RMSE R2
1 4077.726±36.361 2121.311±19.242 1192.213± 45.047 1750.385±12.111 19.2 0.91
2 5269.265±71.582 2731.038±39.469 972.483±17.721 2234.556±26.567 16.3 0.91
3 4532.958±99.414 2382.803± 55.624 824.936±19.419 1942.124±39.528 0.2 0.99
4 2427.804± 37.349 1874.431±29.878 653.236±13.880 1724.444±23.289 9.8 0.96
5 5776.493±54.189 2447.043±23.497 798.956±12.431 2027.181±16.340 14.1 0.93
6 3195.985±29.710 2372.681±27.685 1328.582± 54.860 2132.418±17.385 1.6 0.88
7 4338.43±44.014 2068.685±26.073 1155.647±62.716 1829.902±12.906 0.4 0.99
8 4638.03± 126.449 3187.418±87.609 881.706±16.608 2476.323±62.376 8.8 0.95
9 863.939±9.705 5785.406±53.520 884.488±18.962 1863.151±15.578 20.8 0.93
10 2712.854±28.307 5333.935±55.284 1140.225± 18.675 1523.067±12.815 18.2 0.86
11 3599.972±50.740 2284.233±35.291 779.034±30.755 2173.43±25.086 0 0.99
12 4758.432±51.760 2415.491±28.846 1254.786±36.683 2044.864±17.884 30.6 0.71
13 4471.064±32.546 2237.432±18.280 1456.375±45.255 1896.035±10.835 0 0.99
14 5514.911±121.170 2757.77±56.584 968.089±20.056 2296.981±44.186 7.1 0.97
15 3602.469±48.655 1881.758±28.667 796.144±18.963 1947.902±23.069 0.1 0.99
Table 5-1 Tendon Stiffness Parameters (in N/mm) for muscles crossing ankle joint
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Figure 5-6 Measured and simulated ankle dorsiflexor moment
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5.3.2 Muscle Parameterisation
Muscle parameters were estimated using the force obtained from tendon param-
eterisation. In order to obtain these parameters, passive dorsi/plantarflexion was
performed as explained in chapter 4 (section 4.3). Each muscle was studied indi-
vidually, parameters for fifteen subjects are displayed in table 5-2.
5.4 Discussion and conclusions
Values for tendon stiffness and muscle stiffness and damping were presented in
order to model the biomechanics of the foot. The tendons proved to be very stiff
and not very compliant, having a small range of movement which allows the joints
to be fixed in different angles. As it can be seen from the tables, parameters do
vary among subjects, but they all present very high stiffness (in comparison with
muscle stiffness). For all the subjects, the tendons exhibiting higher stiffness are
those corresponding to Medial Gastrocnemius, Peroneus Longus, Tibialis Ante-
rior, Tibialis Posterior and Peroneus Brevis. The compliance is very low, and
therefore similar parameters are found for all the subjects with the same structure
(as the tendon stiffness is calculated as a function of the moment arm and there-
fore bigger subjects will have bigger moment arm). Muscles, on the other hand,
presented more similar values across subjects. It was also observed that, in many
cases, muscles have a low damping coefficient being this value in the order of 0.1.
However, no clear trend could be found when analysing muscle’s damping.
In terms of the metatarsophalangeal joints, parameters obtained through fitting
were not included as they were significantly lower than the ones form the extrinsic
muscle. The reason for this is that most of the moment around the metatarsopha-
langeal joint is produced by the extrinsic muscles, which are significantly more
powerful in producing force than the intrinsic muscles.
The model presented in this chapter proved to be reliable and repeatable, providing
a promising tool for musculoskeletal modelling using different types of non-invasive
methodologies.
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EDL EHL FDL FHL TA
S km b RMSE km b RMSE km b RMSE km b RMSE km b RMSE
1 52.482 2.5 252 16.866 0.783 80.727 116.104 12.455 141.56 81.342 9.062 153.03 73.72 3.774 418.08
2 33.902 1.982 166.2 10.731 0.622 52.768 99.615 3.758 149.74 70.378 2.6059 162.06 49.816 3.075 291.29
3 40.681 7.385 41.603 12.91 2.313 13.205 127.056 9.609 57.829 89.441 7.146 62.357 58.759 11.417 71.414
4 14.297 2.546 52.769 4.185 0.748 15.097 85.866 17.277 152.88 55.591 11.41 153.81 32.612 1.123 79.831
5 28.008 1.741 86.931 11.979 0.73 37.033 83.303 0.265 74.483 53.9551 0.144 72.428 59.031 3.786 208.82
6 18.114 0.19 121.56 3.238 0.038 24.171 125.762 0.427 217.71 56.145 0.207 153.69 52.583 0.532 385.53
7 34.278 7.501 249.9 11.051 2.4 79.841 80.96 18.417 128.88 55.102 13.049 138.53 46.363 10.975 415.15
8 13.612 0.025 93.144 5.546 0.63 120.82 80.887 0.7 163.5 34.711 0.412 112.83 23.633 2.748 492.86
9 19.361 0.725 226.78 6.236 6.236 72.177 46.458 1.058 203.11 33.22 0.806 220.65 26.814 1.119 387.14
10 49.596 1.92 152.95 15.689 0.604 48.696 48.696 3.195 159.58 110.986 2.269 173.11 72.977 2.938 262.02
11 31.216 0.823 204.71 9.681 0.255 63.309 74.937 0.997 134.49 48.338 0.638 136.45 35.366 1.031 294.84
12 17.812 7.698 200.56 5.624 2.782 64.006 56.518 9.09 72.828 40.021 9.886 75.517 26.582 6.494 334.55
13 54.851 12.011 85.692 17.558 3.811 27.313 124.94 22.344 177.62 88.375 15.518 192.59 76.349 17.593 142.79
14 21.892 3.209 117.55 6.961 1.001 37.092 60.244 18.538 129.47 41.746 13.603 138.69 31.476 5.269 212.37
15 29.937 0.06 211.34 12.217 0.025 84.386 80.357 0.23 157.95 55.972 0.16 168.09 38.984 0.076 335.9
GAS L GAS M PL PB TP
S km b RMSE km b RMSE km b RMSE km b RMSE km b RMSE
1 49.374 1.409 164.982 41.779 9.118 657.05 374.481 36.978 232.73 473.68 51.431 477.33 582.73 62.841 823.98
2 53.749 2.235 406.54 120.529 5.062 892.79 322.349 11.033 248.28 429.585 14.538 512.72 515.988 18.381 882.71
3 77.301 28.987 53.747 192.803 69.635 95.368 439.028 24.441 99.371 533.12 42.931 198.57 652.909 50.558 343.38
4 43.925 4.433 357.38 81.71 9.024 665.35 136.444 25.977 124.83 256.792 50.081 374.19 137.7 15.655 98.059
5 56.744 2.042 182.83 117.465 4.347 374.27 280.373 0.387 126.97 292.25 0.366 199.09 355.14 0.76 356.35
6 50.375 0.434 569.04 100.141 0.855 1100.7 223.679 0.733 200.88 428.977 1.493 606.46 525.136 1.818 1059.6
7 68.145 5.697 395.63 149.309 13.612 868.42 257.986 56.38 206.5 328.02 73.386 426.89 395.059 89.812 733.04
8 81.723 0.652 636.35 100.875 1 886.04 111.26 1.317 270.88 422.623 3.172 731.56 386.267 1.419 832.53
9 23.321 1.048 526.24 52.37 2.326 1166 165.149 3.612 328.48 198.41 4.758 683.43 245.371 5.6741 1179.4
10 95.997 2.259 420.65 214.589 5.058 923.4 504.891 9.91 270.39 676.328 13.185 559.21 809.397 16.098 956.6
11 48.12 1.065 440.05 107.657 2.372 964.46 220.862 2.707 196.37 371.146 4.386 528.52 499.76 6.078 1006.8
12 37.456 1.412 203.65 82.461 2.423 442.22 194.427 56.4247 120.11 250.544 11.259 231.27 300.647 13.89 407.08
13 57.929 13.545 449.01 128.315 31.646 990.79 399.018 67.545 292.38 529.529 88.137 607.06 641.358 26.75 993.16
14 34.889 8.378 360.19 77.064 19.475 790.51 207.039 54.606 213.14 261.762 77.881 430.05 311.943 94.563 743.27
15 37.741 0.138 391.15 66.985 0.274 694.95 173.923 0.477 171.48 229.037 0.642 357.08 337.929 0.96 757.2
Table 5-2 Muscle Stiffness Parameters (in N/mm) and Damping (in Ns/mm) for muscles crossing ankle joint
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6Plantar soft tissue model
The plantar soft tissue protects the structure of the foot and provides cushioning.
It is the only interface of the body with the ground during any type of motion
activity. In this chapter, a brief introduction to plantar soft tissue, its architec-
ture and different viscoelastic models are given. Parameters for a non-Newtonian
Kelvin-Voigt model are presented for 15 subjects with the purpose of character-
ising the properties of the soft tissue under the calcaneus (heel pad), metatarsal
heads and hallux (great toe).
6.1 Introduction
The plantar soft tissue is a highly viscoelastic structure composed mainly of adi-
pose tissue, aimed at providing cushioning to the underlying bones and shock
attenuation [Cavanagh, 1999].
The heel pad is a specialised adipose tissue located on the posterior side of the
calcaneus, it is a very thick tissue that is composed of small compartments filled
with fat. This tissue is capable of attenuating the heel strike energy impact by up
to 90% [Valiant, 1984] and undergoes loads that are higher than body weight. Its
structure has been widely studied (see, for example, Aerts et al. [1995]). It acts
as a shock absorber during heel strike, thus attenuating (dampening) the peak
accelerations produced in movement, but it also has the capability of returning to
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its original shape after weight bearing activities [Yu et al., 2014]. The force that
the tissue undergoes depends on the velocity of the impact and the body mass
[Giddings et al., 2000], therefore at higher velocities, it is expected to experience
an increased force. The soft tissue under the metatarsal heads and toes, also
provides cushioning, but does not have to attenuate such high loads.
The main techniques used to study plantar soft tissue are ultrasonography and
ballistic pendulum testing, with most of these concentrated on heel pad tissue (see,
for example, Cavanagh [1999] and Valiant [1984]). However, these techniques do
not replicate the movement of the foot during motion activities. This chapter
proposes a new method for characterising soft tissue during gait.
6.1.1 Properties of soft tissues
When studying skeletal soft tissue, a force can be applied to the tissue in order to
study its deformation or vice versa [Kothonen and Saarakkala, 2011]. In any case,
there are three important parameters that describe the mechanical properties of
the tissue:
 Strain (ε): is a unitless quantity that refers to the deformation produced
when a force is applied to the soft tissue, and can be determined using the
following expression:
ε =
∆l
l0
=
l(t)− l0
l0
(6-1)
where ∆l is the change in length of the tissue (when analysing shear forces)
or change in thickness of the tissue (when analysing normal forces), and l0
is the unloaded length or thickness respectively.
 Strain rate (ε˙): refers to the deformation change of the tissue over time
and is given by:
ε˙ =
dε
dt
=
d
dt
(
l(t)− l0
l0
)
=
1
l0
dl(t)
dt
(6-2)
 Stress (σ): refers to the force needed to compress a material in the normal
direction, and is defined as the force per unit area:
σ =
F
A0
(6-3)
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where F is the applied force and A0 the cross-sectional area of the application
of force such that the force is normal to the its plane.
In the case of shear forces, in this study we will refer to the force per unit length
(applied to the medio-lateral orientation), instead of shear stress applied over the
plantar area.
6.1.2 Viscoelasticity
As the word implies, a viscoelastic material is both viscous and elastic, being the
first a property of fluidic materials and the second of solid materials [Kothonen
and Saarakkala, 2011]. The fluidic material will resist movement, and therefore
the work required to deform the tissue will be higher. This behaviour produces an
hysteresis and is depicted in stress-strain curves (see figure 6-1), where the com-
pression and decompression paths are different. This type of material behaviour
is time-dependent, and therefore the stress (σ) is defined as a function of both
strain (ε) and strain rate (ε˙): σ = σ(ε, ε˙).
Figure 6-1 A typical Stress-Strain curve
The contact of the foot (or part of the foot) on the ground can be divided into
two phases: compression and decompression (or restitution). The ascending path
of the strain-stress curve reaches its highest value (both in tissue deformation and
force transmitted by the tissue) when the contact velocity equals zero. From this
point, decompression begins until there is no contact between the foot and the
ground.
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6.1.3 Soft tissue models
In order to model soft tissue, it is very common to use rheological models, which
are a good approximation of viscoelastic behaviour. They typically consist of
different arrangements of linear and non-linear springs and dampers. Four different
variations of parallel spring-damper model were analysed in order to fit to the
soft tissue deformation data generated from experiments performed. This model
connects a damper in parallel to a spring, therefore the strain is the same in both
components, but the stress will depend on the strain rate and there will be a
contribution from both elements:
1. Linear spring and linear damper (classical Kelvin-Voigt). This model is given
by:
σ = Eε+ ηε˙ (6-4)
where σ is the stress, ε the strain, ε˙ the strain rate, and E and η are the
elastic and viscous parameters respectively.
2. Linear spring and non-linear damper (used by Gefen et al. [2001]). This
model is given by:
σ = Eε+ ηεε˙ (6-5)
where σ is the stress, ε the strain, ε˙ the strain rate, and E and η are the
elastic and viscous parameters respectively. In Gefen et al. [2001], this heel
pad model is parameterised using the transient thickness measured by a
digital radiographic fluorosocpy (real time X-ray) and the contact pressure
provided by a plantar pressure system, simultaneously.
3. Non-linear spring and non-linear damper (combination of non linear elements
proposed by Hunt and Crossley [1975]). This model is given by:
σ = Eεn + ηεmε˙ (6-6)
where σ is the stress, ε the strain, ε˙ the strain rate, E and n define the
elastic parameters and η and m are the viscous parameters.
4. Non-linear spring and non-linear damper (proposed by Scott and Winter
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[1993]). This model is given by:
F = Eεl + ηεm|ε˙|n (6-7)
where F is the force transferred by the tissue, ε the strain, ε˙ the strain
rate, E and l define the elastic parameters and η, m and n the viscous
parameters. This is a more complicated model of the heel pad, where Scott
and Winter [1993] used the values obtained from impact tests performed
by Valiant [1984]. They assumed that the mechanical characteristics of the
metatarsals and toe pads mimic those from the heel pad.
When replacing linear components by non-linear ones, a higher correlation can
be found between measured stress-strain and simulation and therefore, the model
will be more realistic. However, these non-linear models will require the analysis
of non-linear differential equations and a more complicated parameter estimation
process. The four models (equations 6-4 to 6-7) have been applied to the subject
data, and an analysis was performed on the resulting correlation coefficients and
root mean square error (RMSE) in order to assess the goodness of the fit of the
models to the data. Figures 6-2 and 6-3 show an example of the fitting for all of the
models (normal and shear respectively). Table 6-1 shows correlation coefficients
(R2) and RMSE for one subject (male, 94kg, 1910mm height), for the four analysed
models regarding heel pad shear and normal stresses. Analysis on the rest of the
subjects can be found in appendix F.
Normal Stress Shear Force/l
R2 RMSE R2 RMSE
Gefen et al. 0.938 16.56 0.9152 0.111
Scott and Winter 0.9369 17.22 0.9354 0.125
Hunt and Crossley 0.9434 15.88 0.933 0.099
Kelvin Voigt 0.9084 20.13 0.8517 0.147
Table 6-1 R-squared and RMSE values for different soft tissue mod-
els. Note: units are kN/m2 and kN/m for normal and shear force per
unit length respectively.
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Figure 6-2 Soft tissue model fitting for normal stress (in N/m2) using four trials
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elFigure 6-3 Soft tissue model fitting for shear force per unit length (in N/m) using four trials
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After analysing all of the trials, the second model (used by Gefen et al. [2001],
equation 6-5) was chosen. It represents a good compromise of complexity and
correlation as it has only two parameters to be estimated. Good correlation coef-
ficients and low RMSE were obtained using many trials per subject (ranging from
2 trials to 7 trials), therefore making the model more reliable. An example of
model validation is provided in figure 6-4.
Figure 6-4 Model validation for normal stress (left) and shear
(right) for the 4 models
A set of data was used for training and fitted to the four models. Another unused
trial was used to compare with the estimation (obtained from taining data) for
validation purposes.
6.1.3.1 Identifiability of the soft tissue model
Identifiability refers to whether it is possible to identify the unknown parameters
(E and η), given known or measured variables (σ, ε and ε˙) from the constitutive
equation:
σ = Eε+ ηεε˙ (6-8)
Analysing the model equation for two different sets of parameters (E1, η1) and
(E2, η2):
σ = E1ε+ η1εε˙ (6-9)
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σ = E2ε+ η2εε˙ (6-10)
Operating on both sides, we obtain:
0 = (E1 − E2)ε− (η1 − η2)εε˙ (6-11)
Because both strain and strain rate are different from zero and this equation
holds for all times t and ε and εε˙ are linearly independent. Then the only possible
outcome is that E1 = E2 and η1 = η2 and therefore the model parameters and the
model are identifiable.
6.2 Experimental Design
In order to model soft tissue, motion capture experiments were carried out at
the University of Warwick Gait Laboratory and written informed consent was
obtained for the participating subjects1. Subjects were first markered according
to the Plug-in-Gait lower body marker placement, previously described in chapter
3 (3.1.3) and extra markers were added to model the soft tissue. Figure 6-5 depicts
the position of these markers.
MC: Medial side of the calcaneus
LC: Lateral side of the calcaneus
D1M: Distal side of 1st metatarsal
D5M: Distal side of 5th metatarsal
P1M: Proximal side of 1st metatarsal
P5M: Proximal side of 5th metatarsal
HLX: Medial side of the hallux
Figure 6-5 Marker placement for plantar soft tissue modelling. Blue
marker corresponds to toe marker in Plug-in-Gait.
By calculating the distance between the calcaneus markers from heel strike to heel
off, it is possible to understand the deformation of the heel pad under loading. The
same procedure can be applied to the metatarsal’s head. Regarding the hallux,
an approximation was performed taking into consideration the displacement of
1The experiments comply with all data protection requirements as stated in the University
of Warwick BSREC ethical approval: BSREC full approval REGO-2013-582 Foot Modelling
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the hallux marker. As previously explained in chapter 3, a forceplate permits
calculation of the total force applied by the foot of a subject to the ground in
the three planes (Fx, Fy and Fz). Of particular interest are the normal (Fz) and
shear (Fy) forces, as it has been proved in Valiant [1984] that most of the tissue
movement is produced in those two planes. Subjects were instructed to walk at
their own pace, and step as parallel to the forceplate as possible in order to obtain
reliable shear force results. Because the forceplate provides the resultant ground
reaction force, it was necessary to perform different experiments to study each
particular area of the foot. The study consisted of three parts:
1. Heel Pad testing: Subjects were asked to walk at their natural pace, stepping
on the forceplate only with the heel pad. This provides information regarding
heel pad deformation and normal and shear force on the aforementioned area
for both compression and decompression (figure 6-6).
Figure 6-6 Heel pad testing
2. Metatarsal and phalanx testing - forward: Subjects were asked to walk
at their natural pace, stepping on the forceplate only with the forefoot
(metatarsals and phalanx). This provides information regarding metatarsal
deformation and shear and normal forces during compression and phalanx
deformation and shear and normal forces during decompression (figure 6-7).
Figure 6-7 Forefoot testing: walking forwards
3. Metatarsal and phalanx testing - backwards: Subjects were asked to walk
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backwards at their natural pace, stepping on the forceplate only with the
forefoot (metatarsals and phalanx). This provides information regarding
phalanx deformation and shear and normal forces during compression and
metatarsal deformation and shear and normal forces during decompression
(figure 6-8).
Figure 6-8 Forefoot testing: walking backwards
Subjects were able to practice before each part in order to hit the forceplate with
the region of interest in every case. They were instructed to walk at their natural
pace and not to look down; therefore a “natural” gait was achieved as closely as
possible. A caliper was used to obtain unloaded values for heel pad, metatarsals
and hallux thicknesses. The distances between the MC and LC markers and D1M
and D5M markers were measured with Vicon Nexus and validated via caliper
measurements. Regarding the compressed area of soft tissue, this was monitored
throughout the gait cycle using Tekscan Insoles as shown in figure 6-9 where the
studied areas are circled. This allowed measurement of the required area to be
considered in the stress analysis. Table 6-2 presents unloaded thickness, width and
area values for the heel pad, metatarsal heads and hallux for all of the subjects.
Figure 6-9 Plantar pressure: studied areas circled in grey
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S Height
Body
Mass
Heel Pad Metatarsals Hallux
Thickness Width Area Thickness Width Area Thickness Width Area
1 1865 111 19.2 66.01 0.003 16.54 102.74 0.0035 10.78 23 0.0008
2 1570 47 13.24 53.18 0.0019 10.35 71.55 0.002 9.8 21 0.0005
3 1790 75 19.8 59.09 0.0028 16.7 101.67 0.0025 12.95 21 0.0006
4 1650 72 14.72 56.52 0.002 12.8 89.09 0.0027 11 20 0.0006
5 1720 61.5 15.89 53.89 0.0018 12.98 86.37 0.0025 8.1 21 0.0008
6 1780 88 16.05 58.09 0.0025 14.3 88.84 0.0026 12.148 21 0.0008
7 1690 77 16.01 60.34 0.0025 14.41 87.18 0.0025 11.19 23 0.0008
8 1625 51.5 14.56 57.31 0.002 11.32 91.04 0.0032 9.32 19 0.0007
9 1865 77 19.19 66.16 0.0023 15.9 104.4 0.004 12.7 21 0.0009
10 1670 52.5 14.7 58.74 0.0018 12.53 88.23 0.002 13.1 19 0.0005
11 1630 74.5 16.42 61.08 0.0022 13.9 89.97 0.0028 13 20 0.0008
12 1820 74.5 18.6 64.02 0.0029 15.9 93.21 0.0033 12 22.9 0.0008
13 1910 90 20.19 68.27 0.003 16.7 102.65 0.005 13.32 23 0.0009
14 1630 69.5 15.42 52.38 0.0022 12.71 88.24 0.0028 12.03 21.11 0.0006
15 1680 73.5 17.1 66.2 0.0025 14.4 99.8 0.0027 12.9 23 0.0008
Table 6-2 Soft tissue properties for 15 subjects (1-15). Body mass is in kilograms, height. thickness and width in mm and area
in m2.
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The metatarsal heads, could not be studied independently, but as a whole. As
can be seen in figure 6-10, the ground reaction force is distributed across the 5
metatarsals, but given the impossibility of isolating the ground reaction force from
the forceplate data nor the tissue strain, the area under the metatarsals has been
considered as one element.
Figure 6-10 Plantar pressure: soft tissue analysis over the five
metatarsal heads
All data were processed using Vicon Nexus 1.8.5, Excel and Matlab. Due to the
fact that the forceplate and the cameras sample at different rates (1000Hz and
200Hz respectively), a downsampling was performed on the forceplate data. An
analysis was perform to investigate the use of cubic spline interpolation for the
downsampling, which can be found in appendix G.
6.2.1 Repeatability analysis
A repeatability analysis was performed in order to validate the proposed method-
ology for soft tissue deformation measurement. The same subject was markered
on two consecutive days and was asked to perform walking trials each day: 10
corresponding to the heel pad, 10 corresponding to metatarsal and phalax testing
walking forwards and 10 walking backwards. Trials were grouped by velocity of
impact and the median for each day and each type of trial undertaken. An anal-
ysis was performed on the strain-stress curves, showing good correlation between
days for the trials, ranging from 0.8028 to 0.9952 (see table 6-3 and figures 6-11
to 6-22).
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COMPRESSION DECOMPRESSION
HEEL PAD NORMAL HEEL PAD SHEAR HEEL PAD NORMAL HEEL PAD SHEAR
Right 0.9925 0.8454 0.851 0.8982
Left 0.9261 0.8852 0.9144 0.809
METATARSAL NORMAL METATARSAL SHEAR METATARSAL NORMAL METATARSAL SHEAR
Right 0.9695 0.9774 0.993 0.9725
Left 0.8559 0.8028 0.9919 0.9952
PHALANX NORMAL PHALANX SHEAR PHALANX NORMAL PHALANX SHEAR
Right 0.9861 0.793 0.9934 0.9842
Left 0.9916 0.9851 0.9868 0.9904
Table 6-3 Between days correlation for the soft tissue trials
Figure 6-11 Repeatability analysis for the right heel pad (normal)
Figure 6-12 Repeatability analysis for the right heel pad (shear)
Figure 6-13 Repeatability analysis for the left heel pad (normal)
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Figure 6-14 Repeatability analysis for the left heel pad (shear)
Figure 6-15 Repeatability analysis for the right metatarsal (normal)
Figure 6-16 Repeatability analysis for the right metatarsal (shear)
Figure 6-17 Repeatability analysis for the left metatarsal (normal)
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Figure 6-18 Repeatability analysis for the left metatarsal (shear)
Figure 6-19 Repeatability analysis for the right phalanx (normal)
Figure 6-20 Repeatability analysis for the right phalanx (shear)
Figure 6-21 Repeatability analysis for the left phalanx (normal)
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Figure 6-22 Repeatability analysis for the left phalanx (shear)
6.3 Model parameterisation and validation
The model was parameterised on a per subject basis using a least squares method.
In each part of the study, ten trials were acquired. Given that the model is velocity
dependant, trials with the same impact velocity were chosen for parameterisation
purposes. The number of trials used varied from subject to subject, with two
being the fewest and seven being the most. One more unused trial was selected, in
order to compare it with the simulated data post fitting for validation purposes.
Heel pad parameters are presented in compression and decompression, whereas
when analysing the rest of the trials, it was noticed that the two types of tri-
als performed for metatarsals and hallux characterisation (walking forwards and
backwards), produced very similar results. Comparable values were found for nor-
mal and shear stresses in almost all of the cases throughout the two phases, and
therefore only one elastic and one viscous parameter are used for the whole cycle,
which is the average of ones corresponding to the ascending and descending parts
of the curve. It is important to highlight that the soft tissue was considered to be
homogeneous and isotropic in the three studied areas. Parameters for the right
foot are displayed in tables 6-4, 6-5 and 6-6 and graphs assessing validity between
measured and simulated data are here displayed for two subjects in figures 6-23
and 6-24. Validation graphs for the rest of the subjects can be found in appendix
H.
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NORMAL STRESS SHEAR STRESS
SUBJECT 1 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 574.8±6.326 89.06±5.188 0.9448 0.9945 6.146±0.085 11.09±0.275 0.9541 0.9702
Heel pad (decompression) 589.2±16.5306 261.7±20.459 0.8702 0.9533 6.119±0.191 21.84±1.03 0.9128 0.9202
Metatarsals 266.4±7.244 47.37±6.234 0.9154 0.9201 7.275±0.156 6.588±0.836 0.8509 0.7613
Hallux 550.8±0.156 17.18±0.836 0.9432 0.9773 0.8766±0.059 0.01±0.006 0.7703 0.902
SUBJECT 2 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 619.6±10.102 77.65±7.342 0.9172 0.9945 6.73±0.283 7.809±0.783 0.9274 0.9632
Heel pad (decompression) 600.9±9.081 261.4±17.38 0.8726 0.9003 7.139±0.305 18.3±1.897 0.829 0.8306
Metatarsals 314.9±1.53 79.68±2.316 0.9885 0.9882 1.685±0.098 14.45±0.734 0.8601 0.86
Hallux 699.2±41.938 66.3±17.397 0.9765 0.9835 5.431±0.133 10.49±0.381 0.9922 0.99
SUBJECT 3 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 513.6±6.4285 29.79±4.561 0.9139 0.9645 7.347±0.0780 7.563±0.1683 0.9826 0.9745
Heel pad (decompression) 507.5±7.806 220.2±10.102 0.8674 0.9915 7.106±0.104 8.496±0.411 0.9276 0.965
Metatarsals 369.5±8.3673 48.48±4.755 0.9001 0.8208 5.381±0.162 4.536±0.590 0.8323 0.847
Hallux 1744±95.408 145.2±22.551 0.852 0.865 2.284±0.141 0.2141±0.031 0.8293 0.988
SUBJECT 4 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 553.2±12.04 82.65±9.107 0.8315 0.8358 1.83±0.087 6.436±0.272 0.9291 0.9244
Heel pad (decompression) 531±5.714 199.3±7.448 0.9125 0.8923 3.905±0.189 23.21±0.989 0.8576 0.9322
Metatarsals 332.9±12.448 72.02±8.224 0.8795 0.9575 4.75±0.194 7.639±0.893 0.8655 0.9502
Hallux 645.5±45.612 2.865±1.22 0.9169 0.9816 0.1729±0.109 0.2726±0.053 0.8036 0.9723
SUBJECT 5 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 755.2±11.581 87.27±9.198 0.9255 0.9845 4.574±0.226 8.413±617.346 0.831 0.984
Heel pad (decompression) 464.2±8.265 196±8.112 0.9151 0.9856 2.368±0.0311 3.247±103.571 0.9505 0.9754
Metatarsals 400.1±8.469 70.08±4.857 0.9572 0.9881 4.994±0.13 5.639±496.938 0.9331 0.9882
Hallux 562.4±37.346 47.38±13.096 0.9759 0.951 2.984±0.448 0.2755±0.432 0.6712 0.9924
Table 6-4 Stiffness (E) and viscosity (η) parameters for soft tissue modelling (subjects 1 to 5)
R2f and R
2
v are fitting and validation correlations respectively. Note that for normal curves, the strain displayed is the modulus of the
strain (which negative in compression). E and η are expressed in kN/m2 for normal forces and in kN/m for shear forces.
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NORMAL STRESS SHEAR STRESS
SUBJECT 6 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 580.1±23.265 86.1±17.301 0.8677 0.9425 6.47±0.183 4.247±0.494 0.9253 0.9531
Heel pad (decompression) 542.6±11.122 123.2±8.673 0.9598 0.95 6.378±0.108 1.274±0.303 0.9635 0.9751
Metatarsals 225.1±5.357 27.87±2.612 0.8663 0.9057 4.029±0.173 6.051±0.56 0.8586 0.8535
Hallux 764.8±39.795 56.6±8.877 0.9624 0.9881 1.649±0.246 0.663±0.139 0.9084 0.92
SUBJECT 7 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 726.4±6.836 104.2±7.653 0.9648 0.9763 7.973±0.337 12.54±1.535 0.7898 0.8585
Heel pad (decompression) 615.5±10.510 314.9±17.193 0.8666 0.9036 6.627±0.219 30.13±1.301 0.9112 0.9116
Metatarsals 266.9±8.316 43.18±6.066 0.8099 0.9789 3.932±0.122 6.826±0.484 0.9269 0.9275
Hallux 716±36.683 76.56±17.954 0.8653 0.8346 1.876±0.107 0.7796±0.111 0.9176 0.9254
SUBJECT 8 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 562.7±10.918 90.08±8.071 0.8961 0.9482 8.973±0.046 9.649±0.136 0.9986 0.9366
Heel pad (decompression) 558.1±8.826 177.4±8.775 0.9418 0.9574 6.267±0.07 1.25±0.227 0.9838 0.9236
Metatarsals 380.7±4.489 139.8±5.765 0.9829 0.9832 4.122±0.05 24.93±0.52 0.9864 0.9865
Hallux 1117±72.448 119±31.872 0.8779 0.9086 2.156±0.201 0.3676±0.0748 0.8682 0.8327
SUBJECT 9 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 761±6.377 92.72±6.265 0.9781 0.995 7.015±0.22 15.19±0.663 0.9514 0.9515
Heel pad (decompression) 745.5±15.408 312.5±28.979 0.8696 0.854 3.999±0.12 7.389±0.553 0.8204 0.8217
Metatarsals 355.4±5.816 97.09±7.403 0.9058 0.9294 6.075±0.136 24.35±1.142 0.882 0.9129
Hallux 1199±77.04 344.5±70 0.9176 0.9258 32.35±2.596 5.643±4.287 0.7898 0.8728
SUBJECT 10 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 600.1±2.653 11.28±1.365 0.9973 0.9971 4.574±0.079 5.483±0.158 0.9909 0.9916
Heel pad (decompression) 631.5±11.071 187.8±12.908 0.9215 0.9881 7.905±0.096 1.264±0.362 0.9829 0.9928
Metatarsals 274.6±3.367 46.66±2.897 0.9498 0.973 0.227±0.057 4.339±0.305 0.794 0.7984
Hallux 2311±85.714 376.5±47.142 0.9324 0.9794 2.605±0.24 2.76±0.307 0.9198 0.9298
Table 6-5 Stiffness (E) and viscosity (η) parameters for soft tissue modelling (subjects 6 to 10)
R2f and R
2
v are fitting and validation correlations respectively. Note that for normal curves, the strain displayed is the modulus of the
strain (which negative in compression). E and η are expressed in kN/m2 for normal forces and in kN/m for shear forces.
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NORMAL STRESS SHEAR STRESS
SUBJECT 11 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 751.5±15 185.1±14.948 0.8995 0.9967 15.03±0.285 26.73±1.091 0.9473 0.9707
Heel pad (decompression) 613.2±10.459 193.6±14.693 0.8274 0.9989 12.71±0.229 26.17±1.311 0.9455 0.9455
Metatarsals 326±10 68.1±6.178 0.8935 0.9135 2.792±0.087 3.299±0.352 0.874 0.8805
Hallux 1060±51.530 118.8±20.571 0.9439 0.9524 2.126±0.203 0.888±0.128 0.8938 0.8944
SUBJECT 12 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 623.5±14.591 161.8±19.948 0.8613 0.9643 3.507±0.206 9.757±0.904 0.7887 0.7816
Heel pad (decompression) 536.4±9.387 180.9±8.928 0.9082 0.9884 3.267±0.069 8.238±0.268 0.929 0.9502
Metatarsals 378.8±5.357 76.46±3.688 0.9433 0.9793 3.169±0.131 5.888±0.456 0.8368 0.9073
Hallux 935.5±53.826 42.1±10.403 0.949 0.9642 2.045±0.137 0.012±0.011 0.8685 0.942
SUBJECT 13 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 552.2±5.765 27.34±2.602 0.9371 0.9617 7.942±0.143 4.475±0.227 0.915 0.9947
Heel pad (decompression) 508.5±6.938 125.4±6.53 0.9416 0.9544 6.764±0.13 9.245±0.426 0.922 0.9847
Metatarsals 273.6±3.3673 67.78±2.545 0.9763 0.973 6.227±0.217 8.187±0.654 0.9337 0.9853
Hallux 2261±55.102 171.9±19.846 0.9719 0.973 6.734±0.196 0.7468±0.0895 0.9619 0.9636
SUBJECT 14 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 590.8±6.989 31.94±3.433 0.9225 0.9229 5.077±0.097 2.701±0.164 0.9215 0.9304
Heel pad (decompression) 615.1±11.428 138.9±10.51 0.9001 0.9496 5.183±0.044 2.592±0.102 0.9698 0.9962
Metatarsals 304.6±6.479 63.12±4.551 0.8781 0.9605 2.233±0.0612 1.187±0.2915 0.8171 0.8264
Hallux 1748±63.775 457.1±52.04 0.9893 0.9478 3.624±0.245 4.896±0.352 0.9255 0.9285
SUBJECT 15 E η R2f R
2
v E η R
2
f R
2
v
Heel pad (compression) 628.8±10.102 26.67±5.602 0.9743 0.9923 4.432±0.222 8.057±0.531 0.818 0.9811
Heel pad (decompression) 670.9±10.816 264±15.714 0.8955 0.8711 4.562±0.141 19.95±0.989 0.9303 0.9312
Metatarsals 257.8±5.51 35.97±2.627 0.8721 0.9787 3.832±0.118 0.7264±0.322 0.8542 0.8979
Hallux 1400±107.142 43.5±18.373 0.8953 0.9395 2.617±0.177 0.407±0.059 0.9402 0.9416
Table 6-6 Stiffness (E) and viscosity (η) parameters for soft tissue modelling (subjects 11 to 15)
R2f and R
2
v are fitting and validation correlations respectively. Note that for normal curves, the strain displayed is the modulus of the
strain (which negative in compression). E and η are expressed in kN/m2 for normal forces and in kN/m for shear forces.
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Note: For heel pad characterisation, 3 trials were used, 3 for metatarsal area and 2 for hallux.
Figure 6-23 Soft tissue model validation - subject 6: measured (red) and simulated (blue) stress-strain curves
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Note: For heel pad characterisation, 7 trials were used, 3 for metatarsal area and 2 for hallux.
Figure 6-24 Soft tissue model validation - subject 13: measured (red) and simulated (blue) stress-strain curves
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6.4 Discussion
As can be seen from the tables 6-4, 6-5 and 6-6, the elastic modulus is very similar
between compression and decompression, falling into each interval of confidence in
most of the cases. This suggests the possibility of using only one elastic modulus
for both compression and decompression. An appreciable difference however can
be found in the viscous element. In some of the subjects, there was an increase
in damping when decompressing while in other subjects this was the other way
around. An inspection of the different stress-strain curves shows the reaction for
each soft tissue. Characteristic curves for heel pad normal stress-strain are shown
in figure 6-25, where each number corresponds to the participating subject.
Subjects with thinner soft tissue demonstrated an increased elastic modulus and
a loop in the hysteresis due to the accommodation of tissue. On the other hand,
subjects with thicker soft tissue exhibited two different types of behaviour, ei-
ther the soft tissue restored rapidly to the original thickness (thus giving a lower
damping coefficient for decompression) or the soft tissue recovered slowly, throw-
ing a bigger damping coefficient. This last case was the clearest seen across the
subjects. Moreover, in this type of stress-strain curve the area enclosed by the
compression and decompression curves is the smallest, thus demonstrating lower
energy dissipation.
It can be commonly found in the literature (see, for example, Alcantara et al.
[2002]), that the ascending part of the curve divides into two parts. In the begin-
ning there is a high elastic modulus allowing the strain to increase at a small strain
rate. In the second part or the curve the stiffness increases rapidly until reaching
maximum stress. Studies referring to this type of curve provide soft tissue models
and parameters fitted from trials performed with diverse devices as explained in
the introduction. This type of behaviour could be found in the submetatarsal
tissue and under the hallux. However the curves corresponding to heel pad strain
and exhibited in figure 6-25 differ slightly from those obtained in ballistic pendu-
lum experiments, for example, but are in very good agreement to those obtained
during normal gait (see, for example, Wearing et al. [2009]).
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Figure 6-25 Different Stress-Strain curves to characterise tissue, per
subject. Blue path corresponds to loading phase and red one to un-
loading phase.
Other reviewed studies adopted only one elastic modulus and viscosity for the
whole cycle (see, for example Gefen et al. [2001]). In some cases, this will still
provide a very good fit, but with lower stiffness and damping values. A separate
analysis on compression and decompression of the tissue, however, can provide a
better insight of the topic and minimise the error between simulated and measured
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data. An example showing this issue is provided in figure 6-26. For the same
subject and using the same trials, parameters were first found by dividing the
data into compression and decompression phases (fit 2 in green) and then for the
whole cycle (fit 1 in red). The set of parameters for each case can be found in
table 6-7.
Figure 6-26 Stress-Strain curves for measured data (blue), fitting
with unique values for the whole cycle (red) and fitting with different
values for compression and decompression (green)
FITTING E η R2 RMSE
Fit 1 394.1±16.479 19.83±13.011 0.5805 34.03
Fit 2 (compression) 493.9±18.826 101.6±14.897 0.8289 21.06
Fit 2 (decompression) 465.2±4.489 123.7±3.52 0.9911 5.25
Table 6-7 Correlation and RMSE values for two types of fitting for
the stress-strain curve: fit 1 for the whole curve and fit 2 diving the
data into ascending and descending parts of the curve.
As expected, due to its shock absorption properties, the heel pad proved to be
very elastic. It was also noticed that there was no significant difference in the
deformation or in the stress between left and right feet for each subject. The soft
tissue under the hallux, on the other hand, is the least elastic tissue. Due to the
short contact time and small area of the first phalanx, the number of data points
used in order to characterise its soft tissue behaviour was smaller in comparison
with the rest of the foot. Small shear forces are found in subjects with very thin
tissue (for example subjects 2 and 10).
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Comparing the parameters obtained with those in the literature, it can be observed
that those found here are slightly higher. Gefen et al. [2001] found an elastic
modulus of 175kPa and a viscosity of 22kPa. However this study only analysed
two subjects and one parameter for the whole strain-stress curve. Scott and Winter
[1993] found parameters comparable with the ones presented in this thesis using
the curves obtained from the tables in Valiant [1984].
6.5 Conclusion
The plantar soft tissue is a highly compressive tissue, capable of attenuating im-
pact forces and restoring its shape when oﬄoaded. In order to characterise its
behaviour it is necessary first to study physical parameters and compressibility.
Previous studies reported results on the heel pad when performing in vivo testing,
or for different parts of the foot if using cadavers. However, there are very few
studies that analyse soft tissue behaviour under gait conditions. The proposed
method for soft tissue modelling proved to be repeatable and validated. It is
a non-invasive protocol that provides a new approach towards plantar thickness
analysis during gait, thus allowing the study of the deformation of the tissue while
bearing weight which is of high interest, in particular, with regard to the diabetic
foot. The model provides parameters for elasticity and viscosity of the soft tissue
and allows therefore simulation of ground reaction forces (both normal and shear)
on each studied area. This model, used in conjunction with an appropriate mus-
culoskeletal model, provides a complete analysis of foot biomechanics and permits
the study of both normal and altered gait.
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7Application to diabetic foot
Diabetes is a progressive disease which still represents a challenge for medical
experts, and has a particularly harmful effect on the foot and ankle, producing
changes in its function and structure. In this context, a clear understanding of
the changes brought about by the disease in the foot biomechanics is essential to
promote innovations in the orthopaedic industry and to improve the quality of life
of the patients. The model in chapters 5 and 6 present a comprehensive analysis
on both musculo-tendon and soft tissue parameters. This chapter presents results
on model alterations in order to mimic different types of foot injuries aiming at
improving the understanding of an altered gait in diabetes.
7.1 Introduction
The gait pattern is the result of the neuromuscular system and diverse structures
working together. An abnormality at any part of the locomotion system will pro-
duce, inevitably, and altered gait. In chapters 5 and 6 normal gait was described
by parameterising both muscle-tendon units and soft tissue. Knowledge of a nor-
mal gait is necessary in order to understand a pathological one. According to
many authors (Boffeli et al. [2002], Edmonds and Watkins [1999] and Frykberg
et al. [2006] for example), diabetic patients have an altered gait in terms of kinetics
and kinematics thus affecting plantar pressure. These problems can be related to
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peripheral neuropathy, foot deformites, foot trauma and increased plantar pres-
sure [Van Schie et al., 2005]. Gait analysis studies for diabetic patients can vary
greatly (in terms of samples, technologies used, data collection, for example), but
they all agree that diabetic patients have also shown a decreased speed and an
increased base of support (which is the distance between the feet measured from
heel to heel) [Brach et al., 2008]. The gait pattern of diabetic patients who suffer
neuropathy is modified to be more cautious, less efficient and variable. Diabetic
patients also showed altered lower limb joint mechanics, with limited mobility at
the ankle, subtalar and first metatarsal joints [Ledoux, 2007].
As previously explained in chapter 2, most of the injuries diabetic patients suffer
in their feet are the result of a mechanical trauma that cannot be perceived due to
neuropathy [Cavanagh, 1999], which reduces and can even inhibit the sensation of
protection, causing changes in the foot structure and its functions [Sawacha et al.,
2012]. In this context, increased plantar pressure plays an important role in the
development of diabetic foot ulceration [Giacomozzi and Martelli, 2006]. There
are several causes associated to high plantar pressure, such as foot deformities (e.g.
charcot foot and hallux limitus), callus formation and fractures (e.g. Lisfranc joint
injury).
In this chapter different types of injuries are simulated and results are obtained
in terms of kinetics and kinematics. Different scenarios are also presented for soft
tissue alteration, by modifying the model validated in chapter 6 and analysing
what effect this modifications produces in plantar soft tissue. This experimental
analysis allows an understanding of the altered foot biomechanics and gait in
diabetic patients. In order to study changes brought about by diabetes, different
bandages and comercially available hallux valgus supports were used to mimic
different conditions (see figure 7-1). The main areas of study were the ankle and
1st metatarsophalangeal joint. Injuries on the ankle were simulated restricting its
movement as shown in figure 7-1(left), one brace was placed in the medial side of
the ankle and one on the lateral side. Hallux limitus was simulated by means of a
hallux valgus support thus immobilising the great toe as shown in figure 7-1(right).
Gait was analysed in terms of velocity, stance phase duration, joint angles, joint
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moments and ground reaction force.
Figure 7-1 Orthosis used to mimic ankle (left) and metatarsopha-
langeal (right) joint injuries
Fifteen subjects were markered with Oxford Foot Model marker placement and
instructed to walk at their own pace, stepping with the right foot on the forceplate
(as orthotics were always placed on the preferred leg). Experiments were carried
out at the University of Warwick Gait Laboratory1 and written informed consent
was obtained for the participating subjects. In this study, control subjects refer
to the subjects walking normally (without any restriction), and ankle injury and
hallux limitus to the simulated injuries in the ankle and great toe respectively.
For each of the subjects, five trials consisting of at least one stance were averaged
in each of the scenarios. Ankle injury and hallux limitus were not studied simulta-
neously, experiment was set up first as described in figure7-1(a) and then as figure
7-1(b).
7.1.1 Cadence, velocity and duration of stance phase
In the experiments performed, no difference was observed in terms of cadence,
velocity and duration of stance phase in any of the three cases. Table 7-1 shows
mean values and standard deviation for the whole sample.
Velocity Cadence Stance %
Control Subjects 0.895±0.095 86.05±13.55 59.95±3.15
Ankle Injuries 0.92±0.12 85.45±12.95 59.55±2.75
Hallux Injuries 0.87±0.07 85.05±11.55 60.85±4.05
Table 7-1 Gait temporal space parameters for control subjects,
ankle injured and hallux limitus. Velocity is in m/s, cadence in
steps/min and stance as a percentage of one gait cycle.
1The experiments comply with all data protection requirements as stated in the University
of Warwick BSREC ethical approval: BSREC full approval REGO-2013-582 Foot Modelling
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7.1.2 Joint mobility
The range of motion of a joint will depend on diverse intrinsic parameters of the
person, such as age and sex. Diabetes can produce a decrease in this range for
lower limb joints. Moreover, this reduction in joint movement has been suggested
to be an important factor for increased plantar pressure, thus producing ulceration
[Frykberg et al., 2006]. In this section, the effect of injuries in the ankle and hallux
is studied in terms of hip, knee, ankle and 1st metatarsophalangeal joint mobility.
7.1.2.1 Ankle Injury
When ankle injury was simulated, subject demonstrated to have a lower range of
dorsi-plantarflexion as expected (figure 7-2). It was also noticed that the mobility
of both hip and knee were limited (figures 7-4 and 7-3). This trend was observed
in all the subjects, with an average decrease of 25% in ankle dorsiflexion at peak
stance (between 40%-60% of stance) and a decrease of more than 50% during swing
phase. Knee extension was also reduced by 30% during swing phase, this could be
the reaction of the body to maintain stability, compensating for the limited ankle
joint mobility. Values for maximum and minimum angles for the participating
subjects can be found in appendix I.
Figure 7-2 Ankle joint mobility assessment: Ankle joint motion for
control subject (bold) and ankle injured (dotted)
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Figure 7-3 Knee joint mobility assessment: Knee joint motion for
control subject (bold) and ankle injured (dotted)
Figure 7-4 Hip joint mobility assessment: Hip joint motion for con-
trol subject (bold) and ankle injured (dotted)
7.1.2.2 Hallux Injury
Dorsiflexion and plantarflexion of the first metatarsophalangeal joint can also be
affected by diabetes. This joint has an essential role during toe off, when the body
weight moves forward the hallux thus dorsiflexing the joint and therefore the force
acting on that joint is approximately the body weight [Van Schie et al., 2005].
If the joint movement is limited, a high peak pressure is found under the hallux
during toe off [Cavanagh and Ulbretch, 2008] which can lead to ulceration. Figure
7-5 displays, the joint movement for one gait cycle, for one control subject (bold)
and the hallux injury (dotted).
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Figure 7-5 1st Metatarsophalangeal joint mobility assessment: 1st
Metatarsophalangeal joint motion for control subject (bold) and ankle
injured (dotted)
Further analysis can be performed if observing the plantar pressure map produced
by both scenarions (see figure 7-6 and 7-7). By simple inspection of the distribution
of the average values of peak forces (figure 7-6), it can be noticed how the hallux
and first metatarsal heads (circled in black) are significantly more loaded for this
type of injury than for control subjects. It can also be observed that the center
of pressure moves forward, thus making the subject more prone to undergoing
imbalance and instability issues.
Figure 7-6 Plantar pressure assessment: Control subject (left) and
Hallux injury (right) Peak/stance average map
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Figure 7-7 Plantar pressure assessment: Control subject (top) and
Hallux injury (bottom) walking pressure maps
7.1.3 Ground Reaction force
In terms of ground reaction force, it was possible to study the forceplate results.
Previous studies proved that there is a delay in the peak force and also an increased
push off vertical force [Eils et al., 2004]. In their study, they simulated neuropathy
by using ice immersion technique in 40 healthy subjects. They concluded that this
simulation led to a more “cautious” gait, meaning that subjects walked at a lower
speed than in normal conditions and therefore at a lower stride rate. In the present
study, a very small difference was observed between both scenarios as can be seen
from the diagram of the forceplate in figure 7-8. The magenta curve corresponds
to vertical ground reaction force for the simulated injury and the yellow one for
the control subject.
Figure 7-8 Ground reaction force assessment, magenta correspond-
ing to ankle injury, and yellow to control subject
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7.1.4 Joint Moment
Many authors have studied the effect of ankle injuries, finding a slighlty higher
dorsiflexor moment (see for example, Cavanagh [1999]). Figure 7-9 depicts ankle
moment for healthy subject (bold) and simulated ankle injury (dotted). Graphs
are normalised to gait cycle, with the first 60% corresponding to stance phase.
As it can be observed, there is a slightly incresed ankle moment in the second
case. However, this was not the case for all of the subjects. While some presented
an increased moment, most of them presented decreased one, in between 5% and
10%.
Figure 7-9 Joint moment assessment: Ankle moment in 3 planes for
ankle injury (dotted) and control subject (bold). Moment normalised
by bodymass.
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7.2 Effect on soft tissue
It has been already reviewed from the literature, that diabetes can specifically
change the mechanical behaviour of plantar soft tissue. Stiffer tissue will not be
able to deal with the distribution of higher loads, and thus it is very probable to
find areas of extremely high stresses (both normal and shear). This will ultimately
lead to poor oﬄoading of peak pressure areas and will produce ulcers and other
biomechanical consequences. In order to study how diabetes can affect soft tissue,
healthy soft tissue model (heel pad in this case) is analysed over four different
scenarios. This allows a better understanding on the changes the disease can
bring about and also on how foot ulcers might be prevented.
7.2.0.1 Thinner tissue
The plantar soft tissue exhibited by diabetic patients is much harder and thinner
that the one of healthy subjects [Cavanagh and Ulbretch, 2008]. In order to
simulate this condition, plantar thickness has been decreased by 10%, 20%, 30%,
40% and 50% (see figure 7-10). It can be observed that in the extreme scenario
(50%), the tissue compresses more than 65%.
Figure 7-10 Effect of decreasing soft tissue thickness in stress-strain
curves
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7.2.0.2 Increased stiffness
In order to simulate this condition, stiffness values were increased by 10%, 20%,
30%, 40% and 50% (from 513.6kPa to 770.4kPa - see figure 7-11). Plantar soft
tissue in diabetic patients proved to be stiffer, this is an important issue because
less compliant tissue cannot distribute pressure in an appropriate way. Stiffer
tissue will reach higher loads at the same strain rate, thus loading the region of
interest up to 50% more.
Figure 7-11 Effect of increasing soft tissue stiffness in stress-strain
curves
7.2.0.3 Decreased area of force application
“Pressure is the critical quantity that determines de harm done by the force”
[Brand, 1986]. The force itself does not say anything regarding how harmful it
might be. It is necessary to understand that force in the area where it is applied
(i.e. stress). If reducing the area, applying the same force, the pressure (stress)
will rise. Stress will be here modified from normal and shear perspectives by 10%,
20%, 30%, 40% and 50% (see figures 7-12 and 7-13). The initial region of interest
was a circumference of 0.0028m2 and a diameter of 0.059m.
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Figure 7-12 Effect of decreasing the area of application of force in
normal stress-strain curves
Figure 7-13 Effect of decreasing the area of application of force in
shear stress-strain curves
7.2.0.4 Increased force
By increasing the force (and maintaining the area) we obtain a similar scenario as
in the increased stress, given that the stress is the ration of the applied force over
the area.
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7.3 Discussion
Results on altered gait have already been discussed in previous sections. However
it is important to highlight that a limited joint mobility implies also that the
muscle-tendon units will not be stretching/lengthening efficiently. Figures 7-14
and 7-15 display muscle-tendon length (in percentage of natural length) over the
gait cycle for one subject (with normal and altered gait). It can be observed that
for the stance phase these values do not vary, however during swing phase, muscle-
tendon units in altered gait cannot stretch nor extend in the same proportion as
in a normal one. This same trend was confirmed across all the subjects.
Figure 7-14 Effect of limited joint mobility on muscle-tendon length
(I)
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Figure 7-15 Effect of limited joint mobility on muscle-tendon length
(II)
7.4 Conclusions
Knowledge of a healthy foot can improve our understanding of its biomechani-
cal behaviour during walking. A simple alteration on the small structure that
represents the foot can trigger an abnormality in any other part of the musculo-
skeletal system. In the previous chapters (5 and 6), a comprehensive analysis and
modelling was performed on healthy foot which included muscle-tendon, joint me-
chanics and characterisation of the soft tissue behavoiur. In this chapter, altered
gait in diabetes was studied from an experimental and modelling point of view,
adapting the model to simulate different injuries that induce an altered gait. The
same subjects from previous experiments (in chapters 5 and 6), participated in this
study. Ankle and metatarsophalangeal joint injuries were studied in terms of gait
temporal spatial parameters, joint mobility, joint moments and ground reaction
force in order to obtain normative values for control subjects and subjects with
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the aforementioned injuries. The fact that the same subject was tested under the
three conditions made the study comparable intra-person and inter-session, which
is advantageous. In general, samples for studies about diabetic foot consist of a
group of control subject (non-diabetic), diabetic patients and diabetic patients
who suffer neuropathy.
It was already reviewed in chapter 2 that the injuries diabetic patients suffer
are commonly located in the ankle joint and 1st metatarsophalangeal joint. The
experimental analysis proposed in section 7.1 potentially allows an understanding
of the altered foot mechanics and gait in diabetic patients as it can mimic different
conditions diabetic patients can normally suffer, by restricting movement of ankle
and 1st metatarsophalangeal joints. It was possible to observe a clear pattern
of decreased joint mobility across subjects; which is a crucial issue in diabetic
patients given that it is associated with increased plantar pressure and an eventual
ulceration. The results are consistent with previous studies with diabetic patients,
which validates the methods used to simulate diabetic gait and allows for an
understanding of altered gait in diabetes.
Regarding soft tissue, a modification of the model parameters can provide an
insight of the degenerative process diabetes has on plantar soft tissue. It can
predict plantar soft tissue behaviour under different scenarios, with data obtained
from non-invasive experiments using plantar pressure measurement and motion
capture. The model was modified in terms of plantar thickness, area where the
force is applied and tissue stiffness. This adapted soft tissue model permits the
study of different scenarios, and therefore represents a valuable tool for diabetic
foot assessment.
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8.1 Conclusions
The main objective of the work described in this thesis is to develop musculoskele-
tal scaled models to enable an understanding of altered gait in diabetes. An inno-
vative combination of gait, joint goniometry, plantar pressure analysis, and image
processing with associated well validated parameterised models was presented in
this thesis to overcome the constraints of past studies.
Throughout this research, different steps were taken towards the completion of a
foot model that could replicate both normal and altered gait. First, a method was
developed to reconcile barefoot and shod conditions for simultaneous gait and plan-
tar pressure analysis as these two methodologies require different settings. In order
to develop a meaningful musculoskeletal system, it was first necessary to obtain
muscle-tendon parameters that are not directly measurable (i.e. muscle-tendon
length and moment arm). Methods for measuring these intrinsic characteristics of
muscles using motion capture were developed, tested and validated with magnetic
resonance imaging (chapter 4). Another important parameter for muscle force
production is the pennation angle, which was analysed using ultrasound. It was
concluded that, for the studied muscles, this angle can be neglected as it causes a
maximum error of 4% in the output force.
The Hill muscle model was used to explain the mechanical properties of the muscle
130
Chapter 8. Conclusions and future work
from a numerical and structural point of view (chapter 5). Thirteen muscles were
included in the model, to control foot movement in the sagittal plane. Values
for the stiffness and damping of the muscles and stiffness of the tendons were
derived by optimising the moment around the joint of interest and estimating
the parameters using least squares regression. Structural identifiability was also
assessed, to test that all parameters in the model are identifiable. Tendons proved
to be very stiff and not very compliant, and to have a small range of movement
which allows the joints to be fixed in different angles. The estimated values fall
in the range of the values found in the literature.
The second part of the model consists of the plantar soft tissue. Various models
that display hysterestic curves were analysed to find the model that would best fit
the viscoelastic behaviour. In chapter 6, plantar tissue was divided into the areas
of peak pressure during stance and stiffness and damping parameters were found
for each area, for normal and shear stresses. Through the analysis of the parame-
ters, it was noticed that the elastic modulus is very similar during compression and
decompression. However this was not the case for the viscosity. While subjects
with thinner soft tissue exhibited an increased elastic modulus and reaccommoda-
tion of tissue, for subjects with thicker soft tissue either it restored rapidly to the
original thickness (thus giving a lower damping coefficient for decompression) or
the soft tissue recovered slowly, throwing a bigger damping coefficient.
The final aim of this research is to understand altered the gait in diabetes. In
chapter 7, the healthy foot model is studied from an experimental and modelling
perspective in order to mimic different injuries very common in diabetic patients.
Experimental analysis was performed to study the effect of injuries in metatar-
sophalangeal and ankle joint, on joint’s kinetics and kinematics. It was possible
to observe a clear pattern of decreased joint mobility across subjects; which is a
crucial issue in diabetic patients given that it is associated with increased plantar
pressure and an eventual ulceration. The results are consistent with previous stud-
ies with diabetic patients, which validates the methods used to simulate diabetic
gait and potentially allows an understanding of altered gait in diabetes. Subjects
with injuries proved to have limited joint mobility and modified ankle moment. In
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terms of soft tissue, alterations on healthy foot model can simulate the degenera-
tive process produced by diabetes and therefore predict tissue response in different
scenarios such as increased peak force and decreased area.
The models presented on this thesis proved to be reliable and to replicate the nor-
mal and altered gait. The analysis was always performed on a per-subject basis
to obtain fitted parameters for each individual. Parameters for foot biomechanics,
soft tissue behaviour and altered gait were obtained for the same subjects, thus
making both models comparable. Previous studies on foot modelling, not only
simplified the foot in terms of geometry, structure and geometry [Qiu et al., 2011],
but most of them do not study the foot under gait conditions, which is of particular
interest in diabetic patients. The musculoskeletal model, combined with the soft
tissue model, provide a complete analysis of foot biomechanics which permits the
study of both the normal and altered gait. Regarding soft tissue, a modification of
the model parameters can provide an insight of the degenerative process diabetes
has on plantar soft tissue. It can predict plantar soft tissue behaviour under dif-
ferent scenarios, with data obtained from non-invasive experiments using plantar
pressure measurement and motion capture. The model was modified in terms of
plantar thickness, area where the force is applied and tissue stiffness. This adapted
soft tissue model allows the study of different scenarios, and therefore represents
a valuable tool for diabetic foot assessment.
8.2 Future Work
In order to continue with the study of the altered gait in diabetes, the natural
next step is to complete the same experiments but with diabetic population. The
main issue with the current methods for clinical assessment of diabetic foot is
that the increment in stress cannot be measured, but it is its consequence that
will be ultimately seen (e.g. ulceration). If implementing this model to a diabetic
population, through regular assessment, it would be possible to predict soft tissue
failure, for example, under peak pressure areas before the ulceration appears.
Another avenue for future research is the difference in foot biomechanics across
132
Chapter 8. Conclusions and future work
subject with and without neuropathy. Because the sensory nerve system provides
environmental information, neuropathic patients tend to have an altered gait not
only because of joint or tissue alterations but also because they cannot feel the
interaction with the ground. This has also great impact on muscle contraction
and activation dynamics.
It would also be an important development if the proposed model could be tested
in diabetic population with limb loss. This study could provide an insight on
how kinematics and kinetics can be altered, given the high incidence of lower limb
amputation in diabetic population.
In summary, diabetes presents a challenge for the medical community as well as for
scientists and engineers. Current methods aim at finding a solution once harm is
already done instead of predicting injuries. A combination of preventive strategies,
patient education, and continuous assessment can contribute to an early diagnosis
which is imperative in order to provide appropriate medical care, and in turn avoid
amputation which is a high factor of morbidity.
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Consent form and PIL: BSREC full approval REGO-2013-582 Foot Modelling.
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Figure A-2 Ethical approval: Participant Information Leaflet (page
1/4)
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Figure A-3 Ethical approval: Participant Information Leaflet (page
2/4)
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Figure A-4 Ethical approval: Participant Information Leaflet (page
3/4)
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Figure A-5 Ethical approval: Participant Information Leaflet (page
4/4)
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BResolution Analysis
A resolution analysis was performed in order to understand the sensitivity of the
system. The experiment depicted in figure B-1 consisted of moving, by steps of
0.01mm, the marker attached to the caliper and fixed to the floor. It consisted of
thirty trials for each of the axis, each trial of 2 seconds. The value considered for
each trial was the average displacement over the 2 second. The subset of trials
considered for the analysis were the ones for which the displacement, measured by
the caliper, was 0.01mm.
Figure B-1 Experimental setup for resolution analysis in Gait Lab-
oratory
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Figure B-2 depicts the result of this analysis: for X and Y axes, for a movement
of 0.01mm, the system obtained a displacement of 0.013mm while for the Z axis
the captured displacement was 0.006mm.
Figure B-2 Vicon Cameras resolution analysis in Gait Laboratory
7
CEMG analysis
Function EMGanalysis takes as input a matrix with the already normalised raw
EMG.
function [emgprocessed]=EMGanalysis (EMGraw)
Fs = 1000; %sampling frequency
Fcut = 5; %cutoff frequency
n = 4;%order of the filter
Wn = Fcut*2/Fs;
%raw data
figure
subplot (3,1,1)
plot(EMGraw)
title (’EMG raw data’)
%now we rectify the signal
EMGrectified = abs (EMGraw)
subplot (3,1,2)
plot(EMGrectified)
title (’EMG rectified data’)
%now we apply 4th order low pass filter
[B,A] = butter(n,Wn, ’low’);
EMG=filter(B, A, EMGrectified);
subplot (3,1,3)
plot(EMG)
title (’EMG postprocessed’)
8
DPlantar pressure results
Figures D-1 and D-2 display results for subjects 1-14, showing total force vs. percentage
of stance for plain and designed shoes. Figures D-3 and D-4 display results for subjects
1-14, showing force by foot segment for plain and designed shoes.
Figure D-1 Total foot force vs. Percent of Stance graph, for plain
and designed shoes, subjects 1-6.
9
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Figure D-2 Total foot force vs. Percent of Stance graph, for plain
and designed shoes, subjects 7-14.
Figure D-3 Force by foot segment (plain and designed shoes), sub-
jects 1-2.
10
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Figure D-4 Force by foot segment (plain and designed shoes), sub-
jects 3-14.
11
EMTU palpation and EMG
placement
E.1 Muscle-tendon unit palpation
Inspection and palpation of muscle and tendons taken from Houglum and Bertoti [2012],
Field and Hutchinson [2008], Muscolino [2009] and Palastanga and Soames [2011] as fol-
lows:
Posterior group of muscles
 Gastrocnemius: In standing position, both lateral and medial can be palpated if
the subject is contracting and rising on tiptoes [Houglum and Bertoti, 2012].
 Tibialis Posterior: In sitting position, have tested limb crossed over the other one
(in a relaxed and plantarflexed position), tendon will lie closest to medial malle-
olus. Go from plantarflexion and inversion to dorsiflexion and eversion [Houglum
and Bertoti, 2012].
 Flexor Digitorum Longus: In sitting position, have tested limb crossed over the
other one (in a relaxed and plantarflexed position), tendon will lie on the medial
aspect of medial malleolus while flexing the toes [Houglum and Bertoti, 2012].
 Flexor Hallucis Longus: In sitting position, have tested limb crossed over the other
one (in a relaxed and plantarflexed position), tendon can be easily confused with
the Flexor Digitorum Longus one. For an isolated contraction, subject should flex
the distal interphalangeal joints of toes [Houglum and Bertoti, 2012].
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Lateral group of muscles
 Peroneus Brevis: In sitting position, subject should resist eversion. Peroneus bre-
vis tendon stands out more than Longus one and can be followed till its attachment
on the 5th metatarsal [Houglum and Bertoti, 2012].
 Peroneus Longus: In sitting position, subject should resist eversion. Above malle-
olus, tendon lies slightly posterior to Brevis tendon. Bellow the malleolus, the
tendon lies close to the bone [Houglum and Bertoti, 2012].
Anterior group of muscles
 Tibialis Anterior: In sitting position, subject should flex the toes. It can be
easily palpated when is passes over the ankle; it dorsiflexing foot and flexing and
extending big toe, Extensor Hallucis Longus is noticeable as well, lying laterally
[Field and Hutchinson, 2008].
 Extensor Hallucis Longus: In sitting position, subject should resist dorsiflexion
of great toe. Muscle is almost entirely covered by Tibialis Anterior and Extensor
Digitorum longus and cannot be easily distinguished [Houglum and Bertoti, 2012].
 Extensor Digitorum Longus: In sitting position, subject should lift toes off the
floor, maintaining sole of the foot on the floor. Tendon stands out better if resis-
tance is given to the four lesser toes. The tendons can be seen as they pass the
ankle and insert in the lesser toes, as the examiner resists dorsiflexion of the foot
on the dorsum of the toes [Houglum and Bertoti, 2012].
Muscles originating below ankle joint
 Extensor Digitorum Brevis: In sitting position, examiner should place one hand
on the proximal phalanges (2nd, 3rd and 4th toes) and resist subject from ex-
tending the aforementioned toes. Contraction of the Extensor Digitorum Brevis
can be then visualised and muscle can be palpated [Muscolino, 2009].
 Flexor Digitorum Brevis: In sitting position, examiner should place one hand on
2nd, 3rd, 4th and 5th toes while the subject flexes those digits. Muscle will
contract and can be palpated through the calcaneus [Palastanga and Soames,
2011].
 Abductor Hallucis: Belly of the muscle can be palpated under the longitudinal
arch while subject flexes the toes [Palastanga and Soames, 2011].
 Abductor Digiti Minimi: Muscle can be palpated only if the subject can abduct
the 5th toe [Field and Hutchinson, 2008].
 Flexor Hallucis Brevis: This muscle cannot be palpated as it is in the deep plantar
surface [Field and Hutchinson, 2008].
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E.2 Electrodes placement
Electrodes were attached according to SENIAM [2003] recommendations as follows:
 Lateral Gastrocnemius: Lying with the face down, the knee extended and the foot
projecting over the end of the table, electrodes should be placed at 1/3 of the line
between the head of the fibula and the heel, laterally [SENIAM, 2003].
 Medial Gastrocnemius: Lying with the face down, the knee extended and the foot
projecting over the end of the table, electrodes should be placed placed on the
most prominent bulge of the muscle [SENIAM, 2003].
 Peroneus Brevis: In sitting position with extremity medially rotated, electrodes
should be placed anterior to the tendon of the muscle Peroneus Longus at 25% of
the line from the tip of the lateral malleolus to the fibula-head [SENIAM, 2003].
 Peroneus Longus: In sitting position with extremity medially rotated, electrodes
should be placed at 25% on the line between the tip of the head of the fibula to
the tip of the lateral malleolus [SENIAM, 2003].
 Tibialis Anterior: In supine position, electrodes should be placed at 1/3 on the
line between the tip of the fibula and the tip of the medial malleolus [SENIAM,
2003].
Where no placement specification could be found in SENIAM project site [SENIAM,
2003], electrodes were placed following the general recommendations in Hermens et al.
[2000]. Surface electrodes were attached in the middle region of the muscle thus avoiding
both the innervation area and the attachment to tendon; and were oriented always
parallel to muscle fibres.
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FModel Selection
In order to select the appropriate soft tissue model, four models were analysed in terms
of R-squared values and RMSE. Table F-1 displays results for all the subjects for heel
pad normal stress analysis. The Akaike criterion (AIC) was used for model selection.
Gefen et al. Scott and Winter Hunt and Crossley Kelvin Voigt
1
R2 0.9939 0.8432 0.9591 0.9625
RMSE 4.59E+03 2.41E+04 1.22E+04 1.14E+04
2
R2 0.9881 0.9772 0.7283 0.9765
RMSE 6.39E+03 9.17E+03 3.13E+04 8.97E+03
3
R2 0.9558 0.9765 0.9953 0.9466
RMSE 1.07E+04 7.91E+03 3.57E+03 1.17E+04
4
R2 0.8373 0.8813 0.9252 0.8063
RMSE 2.46E+04 2.16E+04 1.71E+04 2.68E+04
5
R2 0.984 0.8613 0.9842 0.9592
RMSE 8.68E+03 2.26E+04 8.77E+03 1.39E+04
6
R2 0.8677 0.857 0.8392 0.843277
RMSE 1.69E+05 1.89E+04 2.10E+04 1.98E+05
7
R2 0.9789 0.9658 0.9064 0.9545
RMSE 9.14E+03 1.19E+04 1.96E+04 1.34E+04
8
R2 0.9674 0.8951 0.8799 0.8378
RMSE 9.81E+03 1.78E+04 1.93E+04 2.19E+04
9
R2 0.9948 0.9896 0.9809 0.983
RMSE 4.93E+03 7.03E+03 9.63E+03 8.87E+03
10
R2 0.997 0.9985 0.9999 0.9927
RMSE 2.67E+03 1.90E+03 3.75E+02 4.13E+03
11
R2 0.9944 0.9598 0.9968 0.9817
RMSE 5.20E+03 1.45E+04 4.01E+03 9.41E+03
12
R2 0.9266 0.8957 0.9957 0.9561
RMSE 1.54E+04 1.88E+04 3.79E+03 1.19E+04
13
R2 0.9341 0.9231 0.9558 0.9184
RMSE 1.58E+04 1.71E+04 1.87E+04 1.99E+04
14
R2 0.9278 0.9112 0.9318 0.9042
RMSE 1.45E+04 1.67E+04 1.44E+04 1.67E+04
15
R2 0.996 0.9982 0.9961 0.9953
RMSE 3.00E+03 2.06E+03 3.05E+03 3.24E+03
Table F-1 Soft tissue model fitting for four models, analysing heel
pad normal stress for fifteen subjects.
15
GInterpolation analysis
An analysis was performed over different sampling frequencies (400Hz, 600Hz, 800Hz
and 1000Hz) in application of cubic spline interpolation and comparison of this method
with downsampling (taking both stress and strain to 200Hz which is the strain sampling
rate). Figure G-1 displays stress-strain curves for the analysed frequencies. Table G-1
specifies R-squared values and root mean square errors for soft tissue model fitting using
different sampling frequencies.
Figure G-1 Stress-strain curves for interpolation and downsampling
analysis
Freq. COMPRESSION DECOMPRESSION
R2 RMSE R2 RMSE
200Hz 0.9558 1.07E+04 0.9627 1.32E+04
400Hz 0.9551 1.07E+04 0.7573 3.37E+04
600Hz 0.9547 1.07E+04 0.7385 3.50E+04
800Hz 0.9545 1.07E+04 0.7305 3.56E+04
1000Hz 0.9474 1.16E+04 0.5741 4.46E+04
Table G-1 R2 and RMSE for five different sampling frequencies
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HSoft tissue validation
Graphs H-1 to H-13 display measured (red) and simulated (blue) stress-strain curves
for the remaining 13 subjects. Note that, in the case of normal stress, the strain is
displayed in the graph with its absolute value (strain in this case is negative as represents
compression).
Note: For heel pad characterisation, 3 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-1 Soft tissue model validation - subject 1: measured (red)
and simulated (blue) stress-strain curves
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Note: For heel pad characterisation, 4 trials were used, 2 for metatarsal area and
2 for hallux.
Figure H-2 Soft tissue model validation - subject 2: measured (red)
and simulated (blue) stress-strain curves
Note: For heel pad characterisation, 4 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-3 Soft tissue model validation - subject 3: measured (red)
and simulated (blue) stress-strain curves
18
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Note: For heel pad characterisation, 3 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-4 Soft tissue model validation - subject 4: measured (red)
and simulated (blue) stress-strain curves
Note: For heel pad characterisation, 5 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-5 Soft tissue model validation - subject 5: measured (red)
and simulated (blue) stress-strain curves
19
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Note: For heel pad characterisation, 3 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-6 Soft tissue model validation - subject 7: measured (red)
and simulated (blue) stress-strain curves
Note: For heel pad characterisation, 3 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-7 Soft tissue model validation - subject 8: measured (red)
and simulated (blue) stress-strain curves
20
Appendix H. Soft tissue validation
Note: For heel pad characterisation, 4 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-8 Soft tissue model validation - subject 9: measured (red)
and simulated (blue) stress-strain curves
Note: For heel pad characterisation, 4 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-9 Soft tissue model validation - subject 10: measured
(red) and simulated (blue) stress-strain curves
21
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Note: For heel pad characterisation, 5 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-10 Soft tissue model validation - subject 11: measured
(red) and simulated (blue) stress-strain curves
Note: For heel pad characterisation, 7 trials were used, 4 for metatarsal area and
2 for hallux.
Figure H-11 Soft tissue model validation - subject 12: measured
(red) and simulated (blue) stress-strain curves
22
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Note: For heel pad characterisation, 4 trials were used, 3 for metatarsal area and
2 for hallux.
Figure H-12 Soft tissue model validation - subject 14: measured
(red) and simulated (blue) stress-strain curves
Note: For heel pad characterisation, 4 trials were used, 4 for metatarsal area and
2 for hallux.
Figure H-13 Soft tissue model validation - subject 15: measured
(red) and simulated (blue) stress-strain curves
23
IJoint assessment in altered gait
Kinematic and kinetic data for normal and pathological gait for eight representative
subjects, displaying maximum and minimum joint angles (ankle, knee and hip) for
control subjects (CS), ankle injured (AI) and hallux injured (HI).
Ankle angle (deg) Knee angle (deg) Hip angle (deg)
S CS AI HI CS AI HI CS AI HI
8
Min -22.4 -3.3 -13 -3.6 -1.3 -2.4 -9.7 -6.5 -9.8
Max 11.1 12.1 13.9 41.9 48.3 42.8 23.2 27.8 29..8
9
Min -4.3 -4 -7.6 -4.3 -4.4 -3 -13.5 -17.3 -15.4
Max 18.3 20.7 18.4 25 27.8 30 27 26.7 23.4
10
Min -10.2 -12.9 -12.4 -2.9 -3.5 -4.2 -19.2 -16.8 -15.2
Max 16.8 10 13.4 27.8 25.2 26.3 26.1 20.5 24.7
11
Min -6.7 -7.5 -8.2 -0.4 -3.5 -3.9 -13.8 -13.9 -13.12
Max 23.3 17.5 18.9 30.8 30.2 30.3 27.5 23.5 19.9
12
Min -3.6 -0.3 0.8 -4.5 -7.3 -3.2 -19.4 -19 -18.2
Max 20.4 18.4 19.6 36.1 26.9 32 19.2 20.4 17.7
13
Min -16.5 -1.1 -1.9 0.8 0.2 -1.2 -15.5 -12.3 -18
Max 20.5 20.6 19.6 28.3 19.4 27.3 23.5 23.2 23.4
14
Min -25 -7.9 -13.6 -0.7 -3.7 -2 -12.6 -12.5 -11
Max 16.6 12.2 16.1 52.2 35 59.8 31.9 29.9 32.6
15
Min -13.4 -11.5 -5.9 0.09 -0.9 1.2 -24 -24 -24.2
Max 21.3 17.3 16.3 31.4 34.9 36.6 18.9 14.3 18.8
Table I-1 Joint angles for control subjects (CS), ankle injured (AI)
and hallux injury (HI)
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